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 Allergic diseases affect a substantial proportion of people living in urban areas in the 
United States in general and in New York City (NYC) specifically. Many types of pollen are 
considered to be allergens, and have been linked to several manifestations of allergic disease, 
including allergic sensitization, exacerbation of allergic rhinitis, and exacerbation of allergic 
asthma. However, the role of pollen in determining temporal patterns of allergic disease is 
incompletely understood, and virtually nothing is known about the spatial distribution of pollen 
within cities and the relevance of this distribution to health. A better understanding of these 
relationships is especially critical as massive urban tree planting projects progress, and as the 
length and severity of the annual pollen season changes in response to changing temperature and 
carbon dioxide concentrations.  
 
The overall objective of this dissertation was to measure the spatial and temporal patterns of tree 
pollen in NYC and examine their associations with several allergic disease outcomes. Chapter 1 
evaluates the health effects of the temporal distribution of pollen by examining the relationship 
between daily concentrations of several types of tree pollen measured in Armonk, NY with 
emergency department (ED) visits for asthma in NYC. We found that daily concentrations of 
	  
four allergenic tree pollen genera were associated with a significantly increased rate of ED visits 
for asthma citywide. We further found that these associations were stronger in zip codes with 
higher tree canopy cover, suggesting that there may be spatial heterogeneity in tree pollen 
exposure within NYC not captured by the daily monitoring station.  
  
Chapter 2 tests the hypothesis that there is spatial variability in tree pollen within NYC by 
developing a novel dataset of spatial pollen measurements for the 2013 pollen season from 45 
sites across NYC. These sites were co-located with an established network of air pollutant 
monitoring sites. Results from the 2013 monitoring campaign demonstrated substantial 
variability in tree pollen levels across the city. Total tree pollen deposition ranged from  
2,942 grains per cm2 to 17,460 grains per cm2, a factor of almost six. Some individual tree pollen 
taxa exhibited an even greater degree of variation. We also developed a land use regression 
model for total tree pollen and tested the hypothesis that tree pollen influx at these sites is 
associated with tree canopy cover. When included alone in the model, percent tree canopy cover 
within a 0.5 km radial buffer of the monitoring sites explained 39% of the variance in tree pollen, 
while the inclusion of additional land use variables did not improve model fit.  
 
In Chapter 3, we use the land use regression model to develop tree pollen exposure estimates for 
children enrolled in the NYC Neighborhood Allergy and Asthma Study and evaluated whether 
modeled tree pollen influx for the first year of life is associated with allergic sensitization to tree 
pollen by age 7-8. We found that a standard deviation increase in tree pollen exposure in the first 
year of life was associated with a 50% increase in the prevalence of allergic sensitization to tree 
pollen. Furthermore, this association was stronger among children in the top 50% of black 
	  
carbon exposure, suggesting that exposure to traffic-related pollutants may facilitate allergic 
sensitization.  
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Preface: Dissertation Structure 
 
 
This dissertation consists of an introduction, a systematic literature review, three self-contained 
original research papers, a conclusion, and a set of appendices. The introduction provides broad 
background on the health effects of tree pollen and introduces the three Specific Aims that are 
addressed in the chapters that follow. The literature review augments the introductory material 
by discussing previous studies of the spatial distribution of tree pollen within cities. Chapters 1 
through 3 constitute the three research papers, each of which corresponds to one of the three 
Specific Aims. Each chapter is structured as a scientific paper with its own background 
information, description of methods, and discussion of results. The literature review and the three 
research papers have each either been published or are in preparation for publication. Additional 
material relevant to the work discussed in Chapters 1 through 3 is provided in the appendices. 
Finally, the conclusion summarizes and links findings from Chapters 1 through 3, identifies 
public health and policy implications of this work, and makes recommendations for future 
research.   
 
The Specific Aims reflect modifications that were made following the defense of my dissertation 
proposal, several of which were made in order to bring the dissertation proposal in alignment 
with funding that was subsequently received from the NIEHS Center for Environmental Health 
in Northern Manhattan. The major modifications are: (1) the expansion of Aim 1 to test for 
associations at the zip code level and examine effect modification by characteristics of zip codes, 
(2) the expansion of Aim 2 to include kriging models in addition to land use regression models, 
and (3) examining the association of pollen exposure with allergic disease outcomes in only one 
	  xiv	  
instead of two study populations in Aim 3. These modifications were made in line with guidance 







Pollen released from wind-pollinated plant species is an important class of outdoor allergen with 
substantial impacts on health and quality of life. Pollen allergens are typically divided into three 
broad categories: tree, grass, and weed, with each category having a distinct temporal 
distribution. In the Northeastern United States (U.S.), tree pollen is typically present in the spring 
(March to May), grass pollen is present from late spring to early fall (May to September), and 
weed pollen is present during the late summer and fall (August to October). In this region, tree 
pollen is the most abundant and diverse group of pollen taxa, although not all airborne tree  
pollen taxa are allergenic (Dvorin et al. 2001; Kosisky et al. 2010).  
 
Exposure to allergenic pollen is associated with the development of allergic sensitization, a 
process in which exposure to a specific allergen leads to the production of immunoglobulin E 
(IgE) antibodies against that allergen and the attachment of those antibodies to mast cells 
(Hamilton and Adkinson 2003). The association appears to be particularly strong between pollen 
exposure during infancy and subsequent allergic sensitization (Bjorksten et al. 1980; Kihlstrom 
et al. 2002; Kihlstrom et al. 2003; Porsbjerg et al. 2002). For example, one study found an 
increased risk of allergic sensitization to birch pollen in children at age 4.5 years who were 
exposed to an unusually high birch pollen season during infancy (Kihlstrom et al. 2003).  
 
Allergic sensitization is a risk factor for the subsequent development of allergic rhinitis and 
asthma (Illi et al. 2006; Plaschke et al. 2000; Porsbjerg et al. 2006). Allergic rhinitis and asthma 
are highly prevalent and costly illnesses with large impacts on quality of life. Asthma is a 
common chronic disorder characterized by airway hyper-reactivity and bronchoconstriction that 
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currently affects approximately 8% of adults and 10% of children in the U.S. In 2007, asthma 
lead to $56 billion in medical expenditures, missed work and school days, and early deaths 
(Centers for Disease Control and Prevention 2011). Allergic rhinitis is a condition defined by 
allergic inflammation of the nasal passages, resulting in nasal congestion, sneezing, itching, and 
postnasal drip (Nathan 2007). Allergic rhinitis affected 7.5% of adults and 9.0% of children in 
the U.S. in 2012 (Blackwell et al. 2014; Bloom et al. 2013). While allergic rhinitis is considered 
to be a less severe illness than asthma, it is associated with decreases in psychological well-being 
as well as with sleep disturbances (Nathan 2007) and leads to substantial medical expenditures. 
The estimated costs of health services and prescription medication sales for allergic rhinitis in the 
U.S. was $11.2 billion in 2005 (Soni 2008). 
 
Short-term exposure to allergenic pollen is associated with increased exacerbations of both 
allergic rhinitis (Cakmak et al. 2002; Sheffield et al. 2011; Villeneuve et al. 2006) and asthma 
(Darrow et al. 2012; Delfino et al. 2002; Jariwala et al. 2014). In individuals who have developed 
one or more of these diseases, symptomatic exacerbations are caused when the individual is re-
exposed to an allergen (e.g., pollen) to which he or she is sensitized. This re-exposure causes 
cross-linking of mast cell-bound IgE specific to that allergen and the release of inflammatory 
mediators, resulting in the symptoms of an allergic rhinitis or asthma exacerbation (Hamilton and 
Adkinson 2003).  
 
Pollen was previously thought to be a primarily a trigger of allergic rhinitis and not of asthma 
exacerbations, as pollen grains, which range in size from 5 to 200 micrometers (Wood 1986), are 
too large to penetrate into the lower airways. Instead, pollen grains are primarily deposited in the 
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nasal or nasopharyngeal mucous membranes where they can trigger allergic rhinitis symptoms 
(Hoehne and Reed 1971; Wilson et al. 1973). However, particles carrying pollen allergens 
smaller than one micrometer have been repeatedly detected in air samples (Basci et al. 2006; 
D'Amato et al. 2007; Fernandez-Caldas et al. 1989; Rantio-Lehtimaki et al. 1994; Takahashi et al. 
1991). These particles may form on their own due to rupture of pollen grains under wet 
conditions (Howlett and Knox 1984; Knox 1993; Suphioglu et al. 1992) or from plant material 
other than pollen itself (Agarwal et al. 1984; D'Amato et al. 1991; Fernandez-Caldas et al. 1989). 
In addition, pollen allergens can become bound to other small particulate matter in the 
atmosphere. For example, the grass pollen allergen Lol p 1 binds to diesel exhaust particles 
(DEP) in a laboratory setting (Knox et al. 1997), as does the birch pollen allergen Bet v 1 
(Steinsvik et al. 1998). Binding of allergen and particulate matter has also been observed outside 
a laboratory setting (Namork et al. 2006; Ormstad 2000). 
 
While pollen allergy is well-described from a clinical viewpoint, little is known about the role 
pollen plays in determining temporal and spatial patterns of allergic disease within cities. 
Understanding the distribution of pollen and pollen-associated risk is especially critical in light 
of two factors that have the potential to increase exposure to pollen in the coming decades: 
climate change and massive urban tree planting programs.   
 
Several parameters of the pollen season are dependent on climatic factors. Higher temperatures 
and greater precipitation in the months prior to the pollen season are associated with increased 
production of many types of tree and grass pollen (i.e., more pollen produced over the course of 
the pollen season) (Gonzalez Minero et al. 1998; Lo and Levetin 2007), as well as with advances 
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in the start date of the pollen season (Newnham et al. 2013). Consistent with increases in 
temperatures over the last 30 years, many studies have indicated that the pollen season is already 
beginning earlier in the year for a number of species (Emberlin et al. 2002; Frei and Gassner 
2008; Rasmussen 2002; Teranishi et al. 2006), and there is also some evidence that pollen 
production has increased for some species (Frei and Gassner 2008; Rasmussen 2002; Spieksma 
et al. 2003). These changes have been described most thoroughly in Europe, although evidence 
of an earlier start to the pollen season has also been documented in the United States and Asia. 
Some pollen types, such as ragweed, also have shown an increase in season length in response to 
increasing temperatures (Ariano et al. 2010; Ziska et al. 2011). Finally, the production of 
ragweed pollen (Ambrosia spp.) as well as the amount of a major ragweed allergen contained 
within pollen has been observed to increase directly in response to elevated concentrations of 
atmospheric carbon dioxide (Singer et al. 2005; Wayne et al. 2002).  
 
Future changes in temperature, precipitation, and carbon dioxide concentrations associated with 
climate change could lead to changes in the pollen season.  If pollen seasons are altered, it can be 
hypothesized that these changes would also be associated with changing patterns of allergic 
disease morbidity. The accurate projection of the health effects of changes in the pollen season 
due to climate change as well as the development of adaptation strategies will require a better 
understanding of the impact of different types of pollen on population-level allergic illness in the 
present day.  
 
One strategy that is being implemented in cities in part as a response to climate change is 
massive urban tree planting campaigns. In 2007, NYC embarked on a campaign to plant 
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1,000,000 new trees by the year 2017. This campaign, known as Million Trees NYC, is one of 
the 132 initiatives of PlaNYC, the city’s long-term sustainability plan (Bloomberg 2007). Urban 
trees are beneficial from a climate perspective because they sequester carbon and cool urban 
microclimates by providing shade and evaporative cooling. Urban trees are also expected to 
provide numerous other ecological, social, and public health services (Bloomberg 2007; Nowak 
2007). Among the anticipated health benefits of urban trees is improved respiratory health 
through the reduction of exposure to air pollutants such as ozone and PM2.5 (Bloomberg 2007; 
Escobedo et al. 2008; McPherson et al. 1997; Nowak et al. 2000; Nowak 2007). Indeed, in order 
to maximize the near-term benefits of tree planting, certain NYC neighborhoods were prioritized 
for early tree planting based on criteria that included neighborhood asthma prevalence (Locke et 
al. 2010). However, recent work suggests that the amount of air pollution removed by trees at the 
neighborhood level in NYC is small (King et al. 2014). At the same time, urban trees may 
adversely affect respiratory health by increasing exposure to allergenic tree pollen. Recent 
epidemiologic work has suggested that intra-urban variation in the urban tree canopy is 
associated with increases in allergic disease outcomes. While an ecological study conducted in 
NYC found that street tree density is inversely associated with asthma prevalence in children 
ages 4-5 (Lovasi et al. 2008), suggesting a protective effect of tree canopy on respiratory health, 
a more recent study conducted with individual-level exposure and health outcome data found 
that percent tree canopy cover (including but no limited to street trees) within 0.25 km of a 
child’s prenatal address was positively associated with the risk of allergic sensitization to tree 
pollen at age 7 (Lovasi et al. 2013). In a cross-sectional study in Spain, children living within 0.3 
km of a park or forest had an increased prevalence of current asthma (Dadvand et al. 2014). 
While increased exposure to tree pollen could explain these results, neither of these studies was 
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able to confirm the role of pollen as a mediator due to a lack of information on the spatial 
distribution of tree pollen within cities.   
 
The purpose of this dissertation is to quantify both spatial and temporal variation in pollen in 
NYC and to examine the impact of this variation on allergic disease outcomes. The association 
of pollen with allergy and asthma has been challenging to assess epidemiologically in the U.S. 
because of the limited availability of long-term daily pollen records, as well as an almost 
complete lack of information on the spatial distribution of pollen within cities. Accordingly, one 
of the goals of this dissertation was to develop improved pollen data for NYC. The major source 
of pollen data in NYC is a single rooftop monitoring site located at Fordham University’s Louis 
Calder Center Biological Field Station in Armonk, NY (Westchester county, approximately 30 
miles north of Manhattan). Daily airborne pollen concentrations have been collected 
continuously at this site sine 2001 with a Hirst-type (Hirst 1952) Burkard volumetric spore trap 
(Burkard Manufacturing Co., Rickmansworth, UK). Pollen grains and other particulate matter 
are impacted on an adhesive coated tape mounted on a clock-driven drum inside the sampler, 
allowing a seven-day, non-integrated sample to be collected. The drum is removed every seven 
days and the tape is sectioned into seven equal pieces (each corresponding to a 24-hour period), 
stained, and mounted on a slide. Trained counters carry out microscopic analysis by counting and 
identifying pollen to the genus level where possible on a horizontal transect of the slide, and 
resulting counts are converted into daily concentrations per cubic meter of air.  
 
While slides are produced for every day the Burkard sampler is in operation, typically only three 
to four slides are counted and reported on per week, due to the time-intensive nature of pollen 
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analysis. To better characterize the temporal distribution of pollen in NYC and provide greater 
statistical power for epidemiologic analyses, I counted stored, sealed microscope slides from 
uncounted days to produce a continuous time series from 2002 to 2012. In addition, I counted 
stored slides from a second pollen monitoring station opened in 2009 on the rooftop of Fordham 
University’s midtown Manhattan campus to facilitate a comparison of the two stations for the 
years 2009 to 2012.  
 
While daily pollen samplers provide useful information on temporal changes in pollen exposure, 
there are rarely more than one or two daily monitoring sites in a given city in the U.S. As a result, 
very little is known about the spatial distribution of pollen within cities and its relationship to the 
urban tree canopy and health. In the systematic literature review that follows this introduction, 
we identified 13 studies that measured intra-urban tree pollen variation. 12 of these studies found 
variation in tree pollen levels within cities, possibly arising from differences in local vegetation 
(Alcazar et al. 2004; Celenk et al. 2010; Emberlin and Norris-Hill 1991; Gonzalo-Garjo et al. 
2006; Ishibashi et al. 2008; Katelaris et al. 2004; Myszkowska et al. 2012; Nowak et al. 2012; 
Raynor et al. 1975; Rodriguez-Rajo et al. 2010; Velasco-Jiménez et al. 2012). However, most of 
these studies used four or fewer monitoring sites, and many had significant design limitations 
such as non-uniform height of sampling. In order to better characterize the intra-urban spatial 
distribution of tree pollen in NYC, we established what we believe to be the largest intra-urban 
pollen monitoring network in the U.S. during the 2013 pollen season. This network consists of 




We used these two improved sources of pollen information (i.e., the daily record and the spatial 
pollen network) to examine the impact of the temporal and spatial distribution of tree pollen on 
several allergic disease outcomes. Specifically, we hypothesized that that daily concentrations of 
several types of allergenic tree pollen as measured in Armonk are associated with an increased 
number of daily emergency department (ED) visits for asthma in NYC and that the magnitude of 
this association would vary across NYC zip codes. We further hypothesized that four 
neighborhood characteristics measured at the zip code level (percent tree canopy cover, black 
carbon, percent non-Hispanic black, and median household income) would modify the effect of 
tree pollen on asthma ED visits. To test these hypotheses, we carried out a time series analysis of 
daily pollen concentrations and asthma ED visits stratified by the residential zip code in which 
the ED visits occurred.  
 
Additionally, we hypothesized that the amount of tree pollen deposited over the course of each 
pollen season (March to October) varies widely across NYC. To test this hypothesis, we used 
information from the spatial pollen monitoring network described above to develop land use 
regression (LUR) and kriging models that allowed us to estimate tree pollen abundance at 
unsampled locations. We further hypothesized that greater exposure to tree pollen during the first 
year of life would be associated with an increased prevalence of allergic sensitization by the age 
of 7-8 in NYC children. To test this hypothesis, we used the tree pollen LUR to develop 
exposure estimates for children enrolled in the NYC Neighborhood Allergy & Asthma Study 
(NAAS), a case-control study of asthmatic and non-asthmatic children, and tested for 
associations with allergic sensitization and other allergic disease outcomes.  
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The Specific Aims of this dissertation are as follows:  
 
Specific Aim 1: Conduct a time series analysis of the relationship between daily concentrations 
of key allergenic tree pollen taxa and daily emergency department visits for asthma in NYC at 
the zip code level. 
1.1:  Develop a continuous time series of daily pollen concentrations through the year 2012 for 
a pollen monitoring site located in Armonk, New York.  
1.2:  Test the hypothesis that same-day and lagged daily concentrations of key allergenic tree 
pollen taxa measured in Armonk, New York are associated with an increased number of 
daily ED visits for asthma in NYC zip codes.  
1.3: Test the hypothesis that neighborhood characteristics (percent tree canopy cover, black 
carbon, percent non-Hispanic black, and median household income) measured at the zip 
code level modify the effect of daily pollen concentrations on asthma ED visits.  
 
Specific Aim 2: Monitor and map intra-urban spatial patterns of pollen taxa in NYC and analyze 
predictors of local tree pollen influx. 
2.1:  Install and collect integrated pollen samples from 45 pollen monitors at sites already 
monitored by the NYC Community Air Survey over the course of one pollen season 
(March 2013 – October 2013), and carry out descriptive spatial analyses of pollen 
abundance. 
2.2:  Develop land use regression and kriging models for total tree pollen and test the 
hypothesis that urban tree canopy density is positively associated with tree pollen influx.   
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Specific Aim 3: Conduct an epidemiologic analysis of the relationship between local tree pollen 
influx and allergic sensitization to tree pollen in a population of NYC children.  
3.1:  Test the hypothesis that modeled tree pollen exposure in the first year of life is positively 
associated with allergic sensitization to tree pollen at age 7-8 in children enrolled in the 
NYC Neighborhood Allergy and Asthma Study  
3.2:  Test the hypothesis that exposure to black carbon is an effect modifier of the relationship 
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Urban trees provide a range of environmental and public health benefits. However, urban 
trees may also have an adverse effect on human health by increasing exposure to pollen. Many 
types of tree pollen are considered to be allergens and have been linked to various manifestations 
of allergic disease, including allergic sensitization, exacerbation of allergic rhinitis, and 
exacerbation of allergic asthma. An emerging body of literature suggests that the amount of 
pollen deposited annually varies widely over small spatial scales. While the health impacts of 
spatial variation in tree pollen within metropolitan areas could be large, the current literature has 
not been systematically reviewed. To fill this gap in knowledge, this review synthesizes existing 
evidence on how tree pollen is distributed on an intra-urban spatial scale. A better understanding 
of the spatial distribution of allergenic tree pollen within urban environments and its relation to 





Urban areas place large populations of vulnerable people in contact with a range of 
environmental risks. One strategy to address the health effects of urban pollution, among other 
ecological and social goals, has involved massive urban tree planting campaigns (Table 1). 
However, the nascent evidence base linking trees to health has pointed to possible adverse 
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effects as well as health benefits. Recent work has focused on the human health implications of 
tree canopy coverage (Donovan et al. 2011; Lovasi et al. 2011; Lovasi et al. 2012; Donovan et al. 
2013; Lovasi et al. 2013), but has not been able to evaluate the independent or mediating role of 
local variation in tree pollen exposure.  
Exposure to tree pollen is associated with increases in exacerbations of both asthma and 
allergic rhinitis (Cakmak et al. 2002; Delfino et al. 2002; Villeneuve et al. 2006; Sheffield et al. 
2011; Darrow et al. 2012), as well as the risk of developing allergic sensitization to pollen of the 
same type (Bjorksten et al. 1980; Porsbjerg et al. 2002; Kihlstrom et al. 2003), with a particularly 
strong association between pollen exposure during infancy and subsequent allergic sensitization 
(Bjorksten et al. 1980; Kihlstrom et al. 2003). For example, one study found an increased risk of 
allergic sensitization to birch pollen (Betula spp.) in children at age 4.5 years who were exposed 
to an unusually high birch pollen season during infancy (Kihlstrom et al. 2003). As major 
metropolitan areas often have only a single pollen monitoring station, knowledge of these links is 
primarily based on studies relying on variations in daily tree pollen concentrations measured at a 
single site. However, an emerging body of literature suggests that the amount of pollen deposited 
annually at a particular site varies widely over small spatial scales within metropolitan areas. 
Thus, the implications of urban tree planting efforts for asthma and allergic disease may depend 
on how the selected species influence the spatial distribution of pollen exposure within cities.  
This review synthesizes existing evidence on how tree pollen is distributed on an intra-
urban spatial scale. To the best of our knowledge, this is the first systematic review of this topic, 
although several broader reviews have considered links between local green spaces, trees, or 
other forms of vegetation and health (Groenewegen et al. 2006; Tzoulas et al. 2007; Bowler et al. 
2010; Lee and Maheswaran 2011). Out of the 13 studies that met the inclusion criteria for this 
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review, 12 showed evidence that tree pollen varies spatially within cities. These findings were 
consistent across cities in different geographic regions and across different sampling 
methodologies. In addition, several studies presented evidence that the distribution of urban trees 





We developed a search strategy to identify studies that characterize intra-urban spatial 
variation in tree pollen. We began by conducing a search in PubMed using the following search 
terms:  
 
pollen AND [spatial* OR spatio* OR geography* OR site* OR location* OR  
neighborhood* OR station*] 
 
 We did not restrict the years covered in this search. We screened the articles returned by 
this search first by title, then by abstract, and finally by the full text for inclusion in the review 
using the following criteria: (1) article is available in English and published online or in print in a 
peer-reviewed journal on or before February 1, 2014, and (2) tree pollen monitoring was 
conducted at a minimum of two stationary sites within a single metropolitan area. Due to the lack 
of previous reviews of this topic, we did not place limits on the length of pollen sampling, the 
species considered (e.g., allergenic versus non-allergenic), or the pollen sampling methodology 
and equipment.  
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The PubMed search yielded 3,200 articles. Out of these 3,200 articles, we excluded 3,072 
based on the title, 87 based on the abstract, and 34 based on the full text, leaving seven articles 
for inclusion in the review. We identified an additional four articles for inclusion from the 
reference lists of the included articles from the PubMed search, for a total of 11 articles. Finally, 
as not all studies of spatial variation in tree pollen may be included in the PudMed database, we 
used Web of Knowledge to identify articles citing these 11 papers. This resulted in the inclusion 





Regional Distribution of Studies 
 
 Out of the 13 studies identified for inclusion in this review, eight were conducted in 
European cities. The Celenk et al. study (Celenk et al. 2010) included sampling sites in both the 
European and the Asian parts of Istanbul, Turkey. Three studies were conducted in the United 
States, one in Japan, and one in Australia. The time of year at which tree pollen is present (i.e., 
the tree pollen season) is region-dependent, due in part to differences in climate. In temperate 
regions, the tree pollen season typically begins in early spring and ends before the beginning of 
summer (Singh and Mathur 2012). Individual tree pollen taxa tend to be present for a more 
limited time window within the tree pollen season. For example, in the northeastern United 
States, the pollen of the cypress family (Cupressaceae) is present in March and April, while oak 
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pollen (Quercus spp.) is present from late April through the end of May (Dvorin et al. 2001). 
Additionally, the taxa that contribute to the tree pollen season vary from region to region.  
Regional variations in the tree pollen season contribute to differences across included 
studies in terms of the taxa studied and the timing and length of the sampling period, as detailed 
in Table 2. Most studies sampled pollen for a single tree pollen season or a single year. Studies 
that monitored pollen for a full year typically did so in order to capture non-arboreal pollen taxa. 
While the specific taxa examined depend on the region, several genera appear across multiple 
studies, particularly sycamore (Platanus spp., including the hybrid Platanus x acerifolia or 
London planetree), a known allergen (White and Bernstein 2003).  
 
 
Study Design Characteristics 
 
Most studies meeting the inclusion criteria used a relatively small number of sampling 
sites, with three notable exceptions. Ishibashi et al. (Ishibashi et al. 2008) used 78 sampling sites 
during their second year of monitoring; however, the sampling period at these sites was limited 
to a single 24-hour period in March. Emberlin and Norris-Hill (Emberlin and Norris-Hill 1991) 
conducted monitoring for two pollen seasons, using 12 sites in 1987 and 14 sites in 1988. Raynor 
et al. (Raynor et al. 1975) constructed a series of sampling lines each consisting of eight samplers 
separated by a maximum distance of 486 meters to examine small-scale variation in ragweed 
pollen (Ambrosia spp.). The remaining studies used between two and four sites within a city.  
The height at which sampling was conducted ranged from ground level to 33 meters; 
however, one study did not report the sampling height and two studies reported the number of 
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stories above ground at which sampling occurred but did not report the exact height. In addition, 
seven studies did not conduct pollen monitoring at a uniform height.  These height differences 
make it difficult to interpret whether detected spatial variability in pollen is truly present, as 
pollen concentrations have been shown to vary as a function of height up to 15 meters. Most 
pollen types show higher concentrations closer to ground level, although the differences are more 
pronounced for herbaceous taxa than for arboreal taxa (Rantio-Lehtimaki et al. 1991; Alcazar et 
al. 1999). Thus, in this review, evidence from the studies in which samplers were placed at 
uniform height is considered of higher quality. Table 2 provides additional information on the 





Several types of samplers are available to sample the pollen content of the atmosphere. 
The choice of sampler(s) employed by a study is important as it affects the time scale and unit of 
the measurements. Eight studies conducted pollen monitoring using Hirst-type volumetric 
samplers (Hirst 1952). Volumetric samplers, which are typically used to take 24-hour samples of 
atmospheric pollen, draw in air at a constant flow rate and allow pollen to impact on a piece of 
tape secured on a rotating drum. Knowledge of the flow rate allows the calculation of the actual 
pollen concentration in grains/m3.  
Three studies used impactor samplers such as the Rotorod (Multidata LLC, St. Louis 
Park, MN). Impactors consist of a set of greased rods or slides attached to a head that rotates 
such that pollen is impacted on the greased surfaces. As with Hirst-type samplers, impactors 
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allow the calculation of a concentration in grains/m3. These samplers tend to be less efficient 
than Hirst-type samplers at retrieving very small pollen grains (less than 10 µm in diameter) 
(Solomon et al. 1980). 
The two remaining studies employed gravimetric samplers. These samplers, such as the 
designs of Tauber (Tauber 1974) and Durham (Durham 1946), depend on gravity to passively 
sample the pollen content of the atmosphere and are cheaper and sampler than volumetric and 
impactor samplers. Because the sampling method is passive, pollen counts are reported as influx 
(i.e., deposition) in grains/cm2 rather than as a concentration. Crispen et al. have shown that 
Durham traps, which were used in the two gravimetric studies included in this review, are 
comparable to Burkard traps when examining the relative frequencies with which pollen taxa 
appear (Crispen et al. 2010). Durham traps can be left out for varying periods of time, but are 
typically replaced daily (Singh and Mathur 2012). 
 While all three sampling types allow pollen to be measured on a daily basis (as a 
concentration for volumetric and impactor samplers, and as influx for gravimetric samplers), 
most of the included studies examined the total amount of pollen sampled in a given year by 
summing the daily values across an entire pollen season or year and comparing this total value 
across sites. These values are still reported as a concentration or as influx, and are often referred 
to as the “severity” or “magnitude” of the pollen season. Some studies report this value only for 
the aggregate of all tree pollen taxa, while others report taxon-specific values.  
With the exception of one study employing only two sampling sites (White et al. 2005), 
all of the studies revealed spatial differences in atmospheric tree pollen concentrations or influx 
within urban areas regardless of sampler type. Below, we group the 13 studies by sampling 
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methodology and discuss their major findings in detail. A summary of findings is also presented 




Evidence from Volumetric Samplers 
 
 Out of the eight studies using volumetric samplers, the most compelling evidence comes 
from the four studies in which pollen was measured at a uniform height. Celenk et al. (Celenk et 
al. 2010) monitored pollen for a full calendar year at two sites each 25 meters high in Istanbul, 
Turkey, one on the European continent and one on the Asian continent. Over the course of the 
year, the total number of tree pollen grains was more than 35% higher at the European site than 
at the Asian site (28,227 grains versus 20,894 grains). When the authors examined total annual 
catches of individual pollen taxa, some were similar between the two sites while others showed 
large differences. Not all pollen types were more common at the Asian site. For example, total 
sycamore pollen was six times higher at the European site than the Asian site.  
Katelaris et al. (Katelaris et al. 2004) measured pollen at three sites in Sydney, Australia 
from August to November (Southern hemisphere spring) of 1999. The total pollen concentrations 
summed across the entire sampling period were 14,382 grains/m3, 11,584 grains/m3, and 9,269 
grains/m3 at the three sites (Homebush, Eastern Creek, and Nepean, respectively). Thus, the total 
pollen concentration was approximately 55% higher at Homebush than at Nepean. The authors 
examined differences in daily pollen concentrations by classifying daily concentrations of total 
pollen into high, medium, and low concentrations and evaluating pairs of sites for discordance in 
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the classification of each day. On 8%, 13%, and 17% of days, pollen concentrations were 
discordant at Eastern Creek vs. Nepean, Homebush vs. Nepean, and Homebush vs. Eastern 
Creek respectively, indicating that spatial variability in pollen exists on a daily as well as on a 
seasonal timescale. The authors did not examine any pollen taxa individually, so it is not clear if 
certain pollen taxa contribute to this discordance more than others.  
 Gonzalo-Garjo et al. (Gonzalo-Garjo et al. 2006) examined pollen concentrations at four 
sites in Badajoz, Spain for a total of 27 days spaced in time intervals from March 7, 2003 to 
February 26, 2004. Sampling was carried out at six meters above ground at one suburban site and 
at ground level at three urban sites. Four major tree taxa were identified from the samplers: oak, 
olive (Olea spp.), the cypress family, and sycamore. No differences between any of the four traps 
were detected for the cypress family. For oak, the urban traps were not significantly different 
from each other, but they were significantly different from the suburban trap. The change in 
sampling height limits our ability to interpret whether differences in pollen concentrations 
between the urban and suburban traps are truly due to spatial variability, although the three urban 
sites themselves are comparable. For olive and sycamore, the urban traps were significantly 
different not only from the suburban trap but also from each other.  
 Alcazar et al. (Alcazar et al. 2004) examined sycamore concentrations at four sites 
(Northern, Southern, Center, and Western) in Cordoba, Spain for 26 days at intervals between 
February and April of 2000 and for 12 days at intervals between March and April of 2001. 
Samples at the Western site were collected with a Hirst-type volumetric spore trap, while 
samples at the other three sites were collected with portable Lanzoni VPPS samplers. The Hirst-
type trap has a wind vane so that the intake is always facing into the wind, while the three 
Lanzoni samplers did not have this feature, limiting the comparability of the Western site to the 
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others. However, there were differences in the total amount of sycamore pollen collected over 
the sampling periods among the three sites that used the Lanzoni samplers. The total 
concentration ranged from 241 grains/m3 at the Northern site to 48,957 grains/m3 at the Southern 
site in 2000 (a greater than 200-fold difference), and from 664 grains/m3 at the Northern site to 
16,335 grains/m3 at the Center site in 2001 (a greater than 20-fold difference). The authors report 
that sycamore trees are less common in the northern part of the city, suggesting an influence of 
local vegetation.  
 The four remaining studies employing volumetric samplers also revealed spatial variation 
in tree pollen distribution, but the evidence is less compelling. These studies all used two sites 
each, and in each case the sites were not at the same height. Myszkowska et al. (Myszkowska et 
al. 2012) measured pollen concentrations at two sites in Cracow, Poland between April and 
October of 2011. These sites were separated by only 1.5 kilometers, one of the shortest reported 
separation distances among the studies included in this review. The total amount of tree pollen 
collected over the season was about 7% higher at site L than at site B (12,414 grains/m3 versus 
11,631 grains/m3). More pronounced differences in total pollen collected over the season were 
observed for some tree taxa, including several known allergens. For example, total birch pollen 
was 34% higher at site B than at site L (2,130 grains/m3 versus 1,584 grains/m3), and maple 
(Acer spp.) was almost 16 times higher at site L than at site B (207 grains/m3 versus 13 
grains/m3). However, two issues limit our ability to infer spatial variation in pollen in this study. 
First, different samplers were used at the two sites: a Lanzoni VPPS 2000 at site L and a Burkard 
volumetric spore trap at site B. Second, the Lanzoni trap was located 15 meters high, while the 
Burkard trap was located at 20 meters high.  
28	  	  
 Nowak et al. (Nowak et al. 2012) measured sycamore pollen at two sites at heights of 22 
and 33 meters in Poznan, Poland from 2005 to 2009. Differences in annual total sycamore 
concentrations ranged from 10- to 20-fold. Rodriguez-Rajo et al. (Rodriguez-Rajo et al. 2010) 
report pollen measurements for six taxa (three tree taxa and three herbaceous taxa) from the 
same two sites as Nowak et al. (Nowak et al. 2012), but from a more limited set of years (2005-
2007). The authors found that the total amount of each pollen type collected over the three-year 
period as well as the number of days with pollen concentrations higher than 50 grains/m3 was 
higher at the 22 meter high site than at the 33 meter high site, although the differences were 
larger for the herbaceous taxa than the tree pollen taxa.  
Finally, Velasco-Jimenez et al. (Velasco-Jiménez et al. 2012) examined pollen 
concentrations at two sites in Cordoba, Spain from 2006 to 2010. One trap was located in the 
Southwest of the city at 15 meters, and the other was located in the Northwest at 22 meters. The 
authors looked at differences in the daily (rather that annual total) pollen concentrations and 
found that daily concentrations of most pollen taxa were not significantly different at the two 
sites, with some exceptions. Olive, sycamore, and the nettle family (Urticaceae) were higher in 
the Southwest, while oak, cypress (Cupressus spp.), and poplar (Populus spp.) were higher in the 
Northeast in most years.  
 
 
Evidence from Impactor Samplers 
  
 Raynor et al. (Raynor et al. 1975) constructed sampling lines consisting of eight samplers 
each separated by a minimum distance of 1 meter and a maximum distance of 486 meters in 
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various locations in New York state. The authors looked at total tree pollen as well as ragweed 
pollen. Differences between pairs of samplers in a giving sampling line increased as a function of 
distance in most tests. Even samples taken only 1 meter apart had an average 18% difference. 
Samples taken at the maximum distance from each other (486 meters) had an average 25% 
difference. These relationships were similar across sampling locations and pollen types. The 
authors concluded that pollen near ground-level may not be well mixed even in the absence of 
local sources, while noting that differences in the collection efficiency of the Rotoslide samplers 
could have contributed to the results seen.  
 The remaining two studies provide less compelling evidence, again due to differences in 
sampling height. As part of a study on allergic sensitization to pollen, White et al. (White et al. 
2005) measured pollen at two sites in Cincinnati, Ohio. One site was in an urban area at 12.2 
meters high, while the other was a suburban site at ground level. In a paired t-test, daily total 
pollen concentrations were not significantly different between the sites (p = 0.24). No 
information on individual taxa was presented. Information on the annual total of tree pollen at 
each site was not presented.  
 Frenz et al. (Frenz et al. 1997) report the results of monitoring conducted at two sites 5.6 
kilometers apart in St. Paul, Minnesota. One site was located on a one-story building (Snelling) 
while the other was located on a two-story building (Wycliff). Total pollen over the sampling 
period was similar at the two sites (17,188 grains at Wycliff vs. 17,341 grains at Snelling). 
However, differences appeared when results were examined by month, with higher counts at the 
Snelling site in April and May, and higher counts at the Wycliff site in June through October. 
The authors suggested that local vegetation plays a role, as the Snelling site is close to streets 
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lined with trees that release pollen in the spring, while the Wycliff site was an industrial 
environment more conducive to grass and weed growth.  
 
 
Evidence from Gravimetric Samplers 
 
 The two studies that included the largest number of sampling sites both used gravimetric 
sampling methods. Emberlin and Norris-Hill (Emberlin and Norris-Hill 1991) sampled several 
pollen taxa at 12 sites in 1987 and at 14 sites in 1988 in North London, UK. They found 
substantial variation in annual pollen influx across the sites. The largest difference between any 
two sites was 646% for sycamore pollen. The authors suggest that the presence of a great number 
of sycamore trees within the city contributed to the magnitude of the variability.  
 Ishibashi et al. (Ishibashi et al. 2008) measured pollen in Tokyo, Japan at 32 sites for one 
24-hour period in March 2005 and at 78 sites for one 24-hour period in March 2006. Total pollen 
influx was approximately 10 times higher in 2005 than in 2006. However, in both years, influx 
was higher in suburban and rural locations than in the urban city center. No statistical testing was 




Effect of Local Vegetation 
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Several studies presented evidence that local vegetation is a driver of spatial variation in tree 
pollen. For example, Gonzalo-Garjo et al. (Gonzalo-Garjo et al. 2006) used information from a 
tree census in the study area and found that the site with the highest sycamore pollen 
concentration was closer to major stands of sycamore trees than the two sites with lower 
concentrations, although the exact distances and densities of the stands were not reported. 
Katelaris et al. (Katelaris et al. 2004) conducted vegetation surveys in 2,000 meter circular 
buffers of their three sampling sites and found differences in local vegetation that paralleled 
differences in total pollen concentrations. However, no taxa-specific information was reported. 
In the Nowak et al. study (Nowak et al. 2012), one site was located 100 meters from the closest 
sycamore trees, while the other was 6.5 kilometers from the closest sycamore trees. Annual 
sycamore totals were 10 to 20 times lower at the site that was farther away from sycamore trees, 
suggesting that most sycamore pollen does not travel far from its source and that local sources 
are important drivers of local pollen concentrations. Other studies mentioned that local 
vegetation may help explain their results, but did not include systematic investigations such as 





Out of the 13 studies that met the inclusion criteria for this review, 12 found evidence 
that the amount of tree pollen measured over the sampling period (or in each year in the case of 
studies that monitored for multiple years) was different at sites within a single city. In some 
cases, the magnitude of the variability was quite large. For example, Alcazar et al. (Alcazar et al. 
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2004) found that the total annual sycamore concentration varied by a factor of 200 between two 
sites. White et al. (White et al. 2005) did not find statistically significant differences in daily total 
pollen concentrations at two sites in Cincinnati, Ohio, but did not examine the annual total, nor 
did they look at whether there were differences by pollen type.  
Study designs varied widely. The magnitude of the variability observed is not comparable 
across cities due to differences in sampler height, taxa examined, and the distance between and 
characteristics of the sites. Some studies only reported results for the aggregate of all pollen taxa 
(or in some cases, all arboreal pollen taxa), while others reported results for individual pollen 
families or genera. The latter group of studies found that the magnitude of variation is taxon-
specific. Sycamore, the most commonly investigated individual genus, was consistently found to 
vary substantially on an intra-urban scale. While the primary focus of this report is spatial 
variation in tree pollen, it is worth noting that non-arboreal pollen taxa may vary within urban 
areas as well. For example, the Emberlin and Norris-Hill study (Emberlin and Norris-Hill 1991) 
also examined differences in grass pollen (Poaceae) across sites in North London, and found that 
the largest percent difference between any two sampling sites was 77%. Raynor et al. (Raynor et 
al. 1975) found differences in ragweed pollen concentrations at a very small spatial scale (1 
meter). Studies that did not meet the criteria for this review because they did not measure tree 
pollen also reveal spatial differences in grass and ragweed pollen (Puc and Puc 2004). For 
example, Barnes et al. monitored ragweed pollen using volumetric samplers at four sites in 
Kansas City, MO, and found that daily ragweed concentrations tended to be higher in suburban 
sites than in an urban site (Barnes et al. 2001)  
 The most common study limitation was differences in sampling heights. This was an 
issue in six studies (Frenz et al. 1997; White et al. 2005; Rodriguez-Rajo et al. 2010; 
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Myszkowska et al. 2012; Nowak et al. 2012; Velasco-Jiménez et al. 2012), including the White 
et al. study that revealed no differences in daily pollen measured at two sites. In addition, the 
length of sampling varied widely between studies. Ishibashi et al. (Ishibashi et al. 2008) used the 
largest number of sampling sites (78 sites in 2006), but these samplers were only deployed for a 
single 24-hour period. It is impossible to say whether the patterns revealed during those 24 hours 
would have been stable over the course of an entire year.  
 If tree pollen does indeed vary spatially within cities, an important next question is 
whether patterns in tree pollen are stable across years. Five studies measured pollen for more 
than one year; however, three of these conducted pollen monitoring at different heights. Ishibashi 
et al. (Ishibashi et al. 2008) found that pollen levels were higher in suburban and rural areas than 
in urban areas in two years, but the sampling period was limited to a single 24-hour period in 
each year. Alcazar et al. (Alcazar et al. 2004) monitored sycamore at uniform height, and found 
that the Northern site had the lowest totals in both years of monitoring. However, the Southern 
site had the highest total in 2000 while the Central site had the highest total in 2001. Nowak et al. 
(Nowak et al. 2012) found that total sycamore concentrations were between 10 and 20 times 
lower at a site that was far from the closest sycamore trees than at a site that was close to a stand 
of sycamore for all years 2005 to 2009, but the two samplers were placed at different heights. 
Clearly, more information is needed in order to draw conclusions regarding the stability of 
spatial patterns over multiple years.   
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Recommendations for Future Research 
 
Taken together, the results of all 13 studies provide evidence that there is spatial variation 
in the distribution of tree pollen within cities. However, additional research is needed to 
characterize the stability of patterns of pollen distribution across years as well as the extent to 
which local vegetation and other land use characteristics affect local pollen levels. Multi-year 
pollen monitoring in which pollen taxa are reported individually could be combined with tree 
surveys to help answer these questions. Such studies would benefit from a larger number of 
monitoring sites than has been typically used in the past. This would allow for formal statistical 
testing of the relationship between tree density and local pollen levels. In addition, multi-year 
pollen monitoring in cities undergoing large urban tree planting campaigns could shed light on 
whether such campaigns change spatial patterns of tree pollen. Finally, spatial pollen 
measurements could be linked to epidemiologic studies to investigate whether local pollen 
exposure influences the development or exacerbation of allergic disease.  
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Background: Short-term exposure to allergenic pollen is a risk factor for asthma exacerbation. 
Neighborhood-level characteristics that modify the effect of pollen exposure on asthma 
exacerbations have not been well investigated.  
 
Objective: To examine whether four neighborhood characteristics measured at the zip code level 
modify the effect of tree pollen concentrations on emergency department (ED) visits for asthma 
in New York City between 2002 and 2012: percent tree canopy cover, black carbon, median 
household income, and percent non-Hispanic black. 
  
Methods: We used distributed lag Poisson models to describe the effect of daily concentrations 
of maple, birch, ash, and sycamore pollen as well as an aggregate measure of multiple spring tree 
pollen types on daily ED visits for asthma in each NYC zip code. We derived city-wide effect 
estimates and tested for effect modification by zip code-level characteristics using random-
effects meta-analysis.   
  
Results: Daily concentrations of all four pollen types and the aggregate measure were associated 
with an increased rate of ED visits for asthma citywide. Associations were significantly stronger 
in zip codes with higher tree canopy cover. Estimates for the change in the effect estimate per an 
interquartile range increase in tree canopy cover ranged from a 16.8% [95% CI: 4.1%, 29.6%] 




Conclusion: The association between tree pollen and asthma ED visits is stronger in 
neighborhoods with higher percent tree canopy. Tree pollen exposure may be higher in 
neighborhoods with higher tree canopy cover.  
 
 
Keywords: pollen, aeroallergens, asthma, asthma exacerbation, tree canopy, urban tree planting 
 
Clinical Implications (30 word max): Neighborhoods with high tree canopy cover have 
increased rates of asthma ED visits on high pollen days. Preventive care could be targeted to 
high-risk neighborhoods prior to the pollen season.   
 
Capsule Summary (35 word max): Neighborhoods with high tree canopy cover have increased 
rates of asthma ED visits on high pollen days. Preventive care could be targeted to high-risk 
neighborhoods prior to the pollen season. 
 
Abbreviations: 
ED: Emergency department 
IQR: Interquartile range 
LiDAR: Light Detection and Ranging 
NYC: New York City 
NYC DOHMH: New York City Department of Health and Mental Hygiene 




Short-term exposure to certain types of airborne tree pollen is a risk factor for the exacerbation of 
allergic asthma (Dales et al. 2008; Darrow et al. 2012; Galan et al. 2010; Jariwala et al. 2014). In 
recent years, a number of studies have quantified the population-level impact of exposure to tree 
pollen by examining the effect of daily fluctuations in pollen concentrations on measures of 
asthma exacerbation such as ED visits or hospitalizations for asthma (Dales et al. 2008; Darrow 
et al. 2012; Jariwala et al. 2014). These studies have consistently shown that high concentrations 
of pollen result in significantly increased asthma ED visits and hospitalizations, although the 
dominant pollen types driving this effect differs across cities. In New York City (NYC), we have 
shown that the peak annual concentrations of several types of spring tree pollen, such as 
sycamore (Platanus sp.) and ash (Fraxinus sp.), nearly doubles the rate of asthma ED visits over 
the following seven days (Ito et al. 2015).  
 
While the relative contributions of different pollen taxa to population-level allergic illness have 
been characterized for several major cities, little is known about whether neighborhood-level 
characteristics modify the effect of pollen exposure on asthma exacerbations, leading to a 
heterogeneous distribution of risk within a city. Heterogeneous effects could arise through 
multiple pathways. For example, differential exposure to pollen within a city could lead to 
differences in risk. Most studies of population-level pollen impacts rely on exposure information 
from a single monitor, as major cities in the United States typically have only one pollen 
monitoring station. However, local vegetation may contribute to spatial differences in pollen 
exposure within cities (Weinberger et al. 2015). Additionally, the distribution of air pollutants, 
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which could act as adjuvants (Pandya et al. 2002) in the response to pollen, is not uniform within 
cities (Clougherty et al. 2013). Finally, effects may differ along demographic lines as they relate 
to access to and quality of primary care.  
 
Here, we examine whether four neighborhood-level characteristics modify the effect of pollen 
concentrations on asthma ED visits in NYC: median household income, percent non-Hispanic 
black, percent tree canopy cover, and black carbon (a proxy for locally-emitted particulate 
matter). We evaluate these relationships for four tree pollen genera that we have previously 
identified as important population-level drivers of asthma ED visits in NYC (Ito et al. 2015): 
Acer (maple), Betula (birch), Fraxinus (ash), and Platanus (sycamore). These genera are 
clinically significant allergens with well-established sensitization patterns in the Northeastern 
U.S. (Lin et al. 2002; White and Bernstein 2003). We also investigate an aggregate measure of 





Data Sources:  
 
Pollen: Airborne pollen was collected with a Burkard volumetric spore trap (Burkard 
Manufacturing Co., Rickmansworth, UK), a Hirst-type sampler (Hirst 1952). The sampler was 
located on the rooftop of Fordham University’s Louis Calder Biological Field Station in Armonk, 
NY, approximately 30 miles north of midtown Manhattan. This station is the closest long-term 
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pollen record for the NYC region. National Allergy Bureau-certified counters carried out 
microscopic analysis of pollen, classifying pollen to the genus level when possible. Resulting 
daily pollen counts were converted into concentrations in particles per cubic meter of air for the 
11 years from 2002 to 2012.  
 
Weather: We obtained hourly weather data from LaGuardia Airport from the National Climatic 
Data Center. We used the hourly observations to compute daily mean temperature and daily 
number of hours of rain. We chose hours of rain over other precipitation measures (e.g., total 
daily precipitation) as it better reflects days in which there are periods of rains in which pollen is 
washed out of the air, but also dry periods where pollen levels may rise.  
 
Air pollution: We evaluated ozone and fine particulate matter (PM2.5) as confounders because 
previous studies have an found associations between these pollutants and asthma exacerbations 
during warm months in NYC (Silverman and Ito 2010). We obtained PM2.5 (for Federal 
Reference Method, 24-hr filter samples) and hourly ozone hourly data from Mr. Nick Mangus at 
EPA (personal communication). For ozone, we first computed daily 8-hr maximum values from 
hourly data. We then computed daily citywide values from available multiple monitors following 
the approach used by Schwartz (Schwartz 2000), which uses an average of scaled daily values to 
account for differences in variance and mean between sites.  
 
Asthma ED visits: The NYC Department of Health and Mental Hygiene electronically receives 
data from 54 hospitals encompassing approximately 95% of annual ED visits in NYC. These 
data are categorized into exclusive “syndromes” based on the patient’s chief complaint, using an 
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algorithm that scans the chief complaint text field for character strings assigned to a syndrome. 
For the asthma ED syndrome, the script searched for “asthma”, “wheezing”, “COPD” and their 
commonly misspelled analogues. The script also searched for the ICD-9 codes associated with 
asthma because some hospitals report diagnosis codes. The data files include the date and time of 
visit, as well as the patient’s residential zip code.  
 
Zip code characteristics: We calculated zip code-level measures of median household income 
and percent non-Hispanic black using the 2000 U.S. Census. To construct a measure of tree 
canopy coverage, we used a GIS to calculate the percent of each zip code plus a 300-meter buffer 
around the zip code covered by tree canopy. The tree canopy layer was derived from Light 
Detection and Ranging (LiDAR) data collected in 2010 (MacFaden et al. 2012). We included the 
300-meter buffer because we hypothesized that trees on the perimeter of a zip code may be 
relevant to tree pollen exposure inside the zip code. We calculated an estimate of the mean 2008-
2009 annual black carbon level for each zip code using land use regression and kriging models 
developed as part of the NYC Community Air Survey, one of the largest ongoing studies of 
spatial variation in air pollution within an urban area (Clougherty et al. 2013).  
 
Statistical analysis:  
 
Pollen Exposure:  
 
As tree pollen is only present during a few months out of the year, we restricted the data analysis 
period to March 1st through May 31st for each of the years from 2002 to 2012, for a total of 1,012 
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study days. Even after this restriction, the distribution of daily concentrations of each type of 
pollen was highly skewed. We added a value of one to each daily concentration and applied a log 
transformation. In addition, we rescaled genus-specific pollen concentrations such that the 
maximum daily concentration of each pollen genus was the same value across years. While daily 
pollen concentrations measured at sites up to 30 miles apart show strong temporal correlation, 
the magnitude of daily pollen concentrations at pairs of sites may be different (Dvorin et al. 
2001; Frenz et al. 1997; Katelaris et al. 2004) (See Appendix 2). We have previously evaluated 
the sensitivity of citywide modeling results to these adjustments (Ito et al. 2015). 
 
Daily concentrations of many spring tree pollen genera in NYC are correlated with each other, 
making it challenging to disentangle the effects of a single pollen type. We performed a factor 
analysis on nine allergenic tree pollen taxa that we commonly see in the NYC area (Lin et al. 
2002) to identify which ones vary together in time. In addition to maple, birch, ash, and 
sycamore, these pollen types are: elm (Ulmus sp.), poplar (Populus sp.), beech (Fagus sp.), 
hickory (Carya sp.), and oak (Quercus sp.). Pollen concentrations were log-transformed and 
rescaled prior to factor analysis. The factor analysis identified three groups of pollen: an early-
spring factor (elm, poplar, maple), a mid-spring factor (birch, ash, sycamore, oak, beech), and a 
late-spring factor (hickory). We used the mid-spring factor, which is the most strongly related to 
allergic disease exacerbations (Sheffield et al. 2011), as a measure of aggregate pollen exposure 




Stage One Model 
 
We developed regression models to relate the log-transformed and rescaled daily concentrations 
of each of the four tree pollen genera and the mid-spring factor to daily counts of all-ages asthma 
ED visits in each NYC residential zip code. As zip code boundaries in NYC have shifted over 
time, we used the boundaries that were in place at the beginning of the study period (2002), and 
assigned asthma ED visit counts from new zip codes delineated after 2002 to their 
geographically corresponding 2002 zip codes. This results in a total of 179 zip codes.  
 
On the basis of cross-correlation functions of pollen concentrations and asthma ED visits, we 
estimated the 7-day cumulative impact of daily pollen concentrations on asthma ED visits in 
each of the 179 zip codes using distributed lag linear models with a quasi-Poisson distribution 
and an unconstrained lag form. From these models, we report rate ratios for the effect of a 
maximum pollen concentration compared to a minimum pollen concentration (i.e., zero). This 
approach allows us to compare effect sizes across zip codes, despite differences in population 
size and asthma prevalence. Zip codes with too few asthma ED visit counts to build a converging 
regression model were combined with the neighboring zip code with which they shared the 
largest boundary and the rate ratios were re-calculated using the combined data.  
 
We used cross-correlation functions to select the following confounders for inclusion in the stage 
one models: same-day mean temperature, zero to three-day lagged daily number of hours of rain, 
zero to three-day lagged ozone, and zero to four-day lagged PM2.5. We also adjusted the models 
for day of the week, year, and within-season temporal trends using a natural cubic spline of time 
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with 6 degrees of freedom per each March through May period. Our stage one modeling 
approach is consistent with methods commonly used in the analysis of the short-term health 
effects of air pollution (Ito et al. 2011; Lall et al. 2011; Silverman and Ito 2010). 
 
 
Stage Two Model 
 
To estimate the citywide effects of the four pollen genera and the mid-spring factor, we 
aggregated the zip code-level effect estimates in a second-stage analysis using random-effects 
meta-analysis. We then tested for effect modification by zip code-level variables. In these stage 
two models, the zip code-level effect estimates from the stage one models are the outcome 
variable and the zip code-level variables are the predictor variables. We first built models that 
included zip code-level characteristics one at a time and then built a model that included all four 





We carried out two sensitivity analyses to evaluate the robustness of our results. First, to account 
for possible spatial autocorrelation of the residuals of the models which can lead to 
underestimated standard errors, we ran the stage two models as generalized additive models with 
the weights from the ‘metafor’-based models and a thin plate spline of the spatial coordinates. 
We built models with progressively decreasing values for the spline basis dimension and chose 
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the model with the smallest number of effective degrees of freedom that still eliminated the 
spatial autocorrelation in the residuals. We evaluated spatial autocorrelation by applying Moran’s 
I test and by inspecting variograms. Second, we examined the effect of excluding the 300 meter 
buffer from the construction of the zip code-level tree canopy cover variable.   
 
All analyses were conducted using the R statistical package version 3.03 (R Core Team, Vienna, 
Austria, 2014). Stage one models were built with the ‘dlnm’ package (Gasparrini et al. 2010) and 
stage two models were built with the ‘metafor’ package (Viechtbauer 2010). All statistical tests 
were two-tailed and based on an alpha of 0.05. This study protocol was approved by the 









The distributions of daily concentrations of each type of pollen during the March through May 
periods of 2002 to 2012 were highly skewed prior to log-transformation, with a large number of 
days having concentrations of zero pollen grains/m3 (Table 1). Daily pollen concentrations were 
missing for 6.8% of the study days.  
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Between 2002 and 2012, there were 1,023,958 ED visits for asthma citywide. 276,592, or 
roughly a quarter of these visits occurred during the March through May periods of these years. 
The total number of asthma ED visits during the study period in each zip code ranged from 0 to 





We successfully developed regression models for 139 of the 179 zip codes. The remaining 40 zip 
codes had so few asthma ED visits during the study period that their models did not converge. 
All but two of the non-converging zip codes had fewer than 200 asthma ED visits during the 
1,012 study days, or less than one asthma ED visit every five days. Each of the 40 non-
converging zip codes was pooled with an adjacent zip code as described previously.  
 
In Figure 1, the rate ratios and 95% confidence intervals for the 7-day cumulative effect of each 
of the four pollen taxa and the mid-spring factor are plotted for each of the 139 converging zip 
codes. The magnitude of both the rate ratios and their confidence intervals varies widely across 
zip codes, but the majority of rate ratios are greater than 1, with many significantly so. Figure S1 








When the zip code-level models were combined in a random effects meta-analysis, 
concentrations of all four pollen taxa were significantly associated with an increased citywide 
rate of ED visits for asthma (Table 2). Rate ratios for the cumulative 7-day effect of the 
maximum pollen concentration ranged from 1.58 [95% CI: 1.49, 1.67] for birch pollen to 2.21 
[95% CI: 2.04, 2.40] for the mid-spring factor.  
 
  
Effect Modifiers Models 
 
The distributions of the four potential zip code-level effect modifiers were skewed (Table 3). 
Table S1 shows Spearman correlation coefficients for pairs of moderators within zip codes. 
Notably, there was a significant negative correlation between percent tree canopy and black 
carbon, possibly due to an absence of black carbon sources (i.e., traffic) in zip codes that have a 
large number of trees. Median household income was positively correlated with percent tree 
canopy and negatively correlated with both percent non-Hispanic black and black carbon. When 
considered separately from each other, zip codes with converging models had lower median 
household income, higher percent non-Hispanic black, and higher percent tree canopy cover than 
zip codes with non-converging models prior to pooling (Table S2). 
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Zip codes with higher percent tree canopy had significantly larger estimates for the 7-day 
cumulative effect of the maximum concentration of each pollen type except maple on asthma ED 
visits when tree canopy was included in the model as the sole predictor (Table 4). Zip codes with 
higher percent non-Hispanic black residents had significantly larger estimates for ash, sycamore, 
and the mid-season factor only. Neither median household income nor black carbon was 
associated with larger zip code-level effect estimates for any pollen type. When all modifiers 
were included in the model at the same time, the association between percent tree canopy cover 
and the zip code-level effect estimates for maple pollen became significant, while the 





The residuals for the models with significant findings were spatially autocorrelated. Table S3 
shows the percent change in the zip code-level effect estimates per interquartile range increase in 
the effect modifier for these models following adjustment for spatial autocorrelation. While the 
95% confidence intervals tend to be wider, the effect of percent tree canopy on the zip code-level 
estimates remains significant for all models, while only the models for sycamore and the mid-
spring factor remained significant for percent non-Hispanic Black.  
 
Table S4 shows how the main model results change when using an alternate construction of the 
tree canopy variable. Removing the 300-meter buffer attenuated the effect estimates substantially, 





We found that four types of allergenic tree pollen as well as an aggregate measure of several 
types of tree pollen all significantly increase the rate of asthma ED visits in NYC citywide. Rate 
ratios were stronger for the mid-spring factor than for any individual pollen type. This factor is 
an aggregate measure of five tree pollen taxa that are present in late April and early May: ash, 
sycamore, birch, oak, and beech.  
 
Our results are consistent with previous studies regarding the importance of tree pollen as a risk 
factor for springtime asthma ED visits (Dales et al. 2008; Darrow et al. 2012; Jariwala et al. 
2014). This study builds on the previous literature on the population-level effects of pollen by 
examining for the first time whether characteristics of the residential zip code of individuals 
presenting to the ED with asthma modify the association between daily pollen concentrations 
and asthma ED visits. Notably, we found that zip codes with higher percent tree canopy cover 
had higher rate ratios for the effect of birch, ash, sycamore, and the mid-spring factor on asthma 
ED visits. These results suggest that neighborhoods with abundant local trees may have higher 
tree pollen levels than neighborhoods with few trees, and that higher tree pollen levels lead to 
higher rates of asthma ED visits during the pollen season. Other studies have suggested that local 
tree pollen exposure is relevant to the development and exacerbation of allergic disease. In NYC, 
tree canopy density within 0.25 km of a child’s prenatal address increased the risk of allergic 
sensitization to pollen at age 7 (Lovasi et al. 2013). Similarly, living within 0.3 km of a park or 
forest increased the prevalence of current asthma in children in Spain (Dadvand et al. 2014). 
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Fine-scale spatial pollen monitoring will be needed to confirm whether these relationships are 
truly mediated by tree pollen concentrations. 
 
The results for tree canopy were robust to adjustment both for other zip code-level characteristics 
and for spatial autocorrelation. Effects were attenuated when we eliminated the 300 meter buffer 
around zip codes for the tree canopy variable. This is consistent with our hypotheses that (1) zip 
codes with more tree canopy have higher levels of tree pollen, and that (2) tree canopy on the 
periphery of zip codes produces pollen that is relevant to exposure inside zip codes.  
 
We observed differences in the tree canopy effect estimates across pollen taxa. The weakest 
association was for sycamore pollen. Tree species are not evenly distributed in the tree canopy. 
For example, the London planetree, a tree in the sycamore genus, is the most common street tree 
in NYC, comprising 15.3% of all street trees and 29.1% of street tree canopy cover (NYC 
Department of Parks and Recreation 2007). However, street trees make up less than 12% of 
NYC’s approximately 5.2 million trees, and the London planetree may be a less important 
contributor to other sources of tree canopy (e.g., parks, private land) (Jacqueline Liu, personal 
communication). Thus, tree canopy may be a poor proxy for exposure to sycamore pollen.  
 
We also found that an interquartile range increase in zip code percent non-Hispanic black 
residents significantly increased the zip code-level effect estimates for sycamore, ash, and the 
mid-spring pollen factor, although the ash effect was attenuated to non-significance after 
adjustment for spatial autocorrelation. While racial and ethnic disparities in asthma care have 
been extensively documented, including increased ED visits and decreased prescriptions for and 
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adherence to inhaled corticosteroids among non-Hispanic black asthma patients (Canino et al. 
2009; Crocker et al. 2009; Hasegawa et al. 2014; Keoki Williams et al. 2007), our finding should 
be interpreted with caution, as we do not have demographic information on the individuals 
presenting to the ED. Our findings could also reflect a correlation between zip codes with high 
percent non-Hispanic black residents and other spatially-varying risk factors for asthma 
exacerbation such as exposure to pollutants. 
 
Key strengths of this study include the use of a state-of-the-art measure of tree canopy cover and 
the small number of days with missing data on daily pollen concentrations. While pollen 
monitoring stations reporting to the National Allergy Bureau are only required to report pollen 
concentrations three days a week (AAAAI 2015), the Armonk station has daily concentrations 
available seven days a week during the study period except for days on which the sampler was 
malfunctioning.  
 
This study has several limitations. First, we rely on data from a single pollen monitor and so 
cannot test whether the tree canopy effect we observed is driven by local tree pollen levels (this 
issue is further addressed in Chapter 2). Very little is known about intra-urban variation in tree 
pollen, although the limited available evidence suggests that spatial variation exists and may be 
driven in part by local trees (Gonzalo-Garjo et al. 2006; Katelaris et al. 2004; Nowak et al. 2012; 
Weinberger et al. 2015). Second, we lack information how different tree taxa are distributed 
within the canopy. Thus, we may be underestimating the effect of pollen types for which total 
tree canopy is a poor proxy. Third, we used annual estimated black carbon in our second stage 
models because models for spring-only black carbon were not available. Annual estimates may 
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not reflect the degree to which seasonal sources of black carbon (e.g., winter heating in 
buildings) contribute to spring-only estimates. Furthermore, the strong negative correlation 
between black carbon and tree canopy makes it difficult to test the independent effect of black 
carbon. Finally, this is an ecologic analysis and we did not have information on effect modifiers 
at the individual level. Our findings for percent non-Hispanic black and income in particular 
should be interpreted as preliminary as we do not know the income level or race/ethnicity of 
individuals presenting to the ED.  
 
Overall, this study provides novel insights into the drivers of the spatial distribution of pollen-
related asthma ED visit risk. Preventive care and educational messaging could be targeted to 
individuals who live in zip codes with a high degree of tree canopy in the weeks before the 
pollen season to reduce pollen-related asthma exacerbations. Furthermore, if the relationship 
between tree canopy and tree pollen is confirmed, these results could steer tree selection for 
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Chapter 1 Tables 
Table 1: Descriptive statistics for daily concentrations (grains/m3) of the included pollen taxa 
prior to log transformation and rescaling (March to May) 
 
Pollen type Minimum 25th %ile 50th %ile 75th %ile Maximum 
Maple  0 grains/m3 0 2 9 3,091 
Birch  0 grains/m3 0 2 32 10,240 
Ash 0 grains/m3 0 0 4 1,030 
Sycamore 0 grains/m3 0 0  0 696 
Mid-spring factora -0.95 -0.40 -0.28 0.79 5.23 
Asthma ED visitsb 164  227 259 303 704 
Temperature 18.2°F 45.4 53.0 60.7 83.3 
Hours of rain 0 hours 0 0 3 24 
Ozone 3.9 ppb 28.0 34.2 41.0 73.1 
PM2.5 1.3 ug/m3 6.3 9.0 13.5 42.6 
a Regression scores from factor analysis 































Table 2: Citywide estimates for the seven-day cumulative effect of the maximum pollen 
concentration compared to the seven-day cumulative effect of the minimum pollen concentration. 
Models were controlled for temperature, rain, ozone, PM2.5, day of week, year, and within-
season temporal trends. 
 
 



































Pollen type Rate ratio (95% CI) 
Maple 1.63* (1.51, 1.76) 
Birch 1.58* (1.49, 1.67) 
Ash 2.03* (1.89, 2.18) 
Sycamore 1.95* (1.82, 2.08) 
Mid-season pollen  2.21* (2.04, 2.40) 
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Table 3: Descriptive statistics for the four potential zip code-level effect modifiers  
 
Effect modifier Min 25th %ile 50th %ile 75th %ile Max 
Median household income $14,270 27,240 39,800 48,470 78,070 
Non-Hispanic black 0.2% 4.2 18.0 39.1 91.8 
Tree canopy cover 3.0% 12.2 15.4 19.8 42.4 







































Table 4: Percent change in the zip code-level effect estimates for the association between daily 
pollen concentrations and daily asthma ED visits per interquartile range increase in the effect 
modifier.  
 
Effect modifier Pollen type % change (95% CI) 
(single modifiera) 
% change (95% CI) 
(all modifiersb) 
Median household income Maple -4.6 (-30.0, 20.9) 3.0 (-26.4, 32.3) 
(IQR: $21,229) Birch  17.1 (-4.2, 38.4) 19.0 (-5.5, 43.4)  
 Ash  6.9 (-8.6, 22.3) 8.5 (-8.0, 25.0) 
 Sycamore -1.6 (-17.7, 14.5) 0.9 (-16.6, 18.4) 
 Mid-season 
 
 9.2 (-6.7, 25.1) 12.4 (-4.6, 29.4) 
Non-Hispanic black Maple  12.9 (-7.5, 33.2) 19.4 (-3.4, 42.1) 
(IQR: 34.8%) Birch  8.8 (-8.1, 25.8) 14.5 (-4.5, 33.5) 
 Ash  12.9* (0.4, 25.3) 14.9* (2.0, 27.8) 
 Sycamore  17.0* (4.4, 29.5) 17.0* (3.4, 30.5) 
 Mid-season 
 
 15.0* (2.3, 27.7) 18.3* (5.1, 31.5) 
Tree canopy cover Maple  17.5 (-3.2, 38.2)  25.1* (1.7, 48.6) 
(IQR: 7.6%) Birch  20.7* (3.4, 38.0)  19.8* (0.2, 39.4) 
 Ash  19.1* (6.8, 31.4)  17.7* (4.2, 31.3) 
 Sycamore  16.8* (4.1, 29.6)  16.7* (2.6, 30.9) 
 Mid-season 
 
 21.5* (9.1, 33.9)  20.8* (7.2, 34.4) 
Black carbon Maple  15.7 (-11.3, 42.6) 35.0 (2.9, 67.1) 
(IQR: 0.39 abs) Birch -10.2 (-32.9, 12.4) 9.3 (-17.7, 36.2) 
 Ash -11.4 (-28.0, 5.3) 3.3 (-14.7, 21.4) 
 Sycamore -10.5 (-27.4, 6.5) 2.4 (-16.8, 21.6) 
 Mid-season -13.2 (-30.2, 3.8) 5.2 (-13.6, 23.9) 
* p < 0.05 
a Effect sizes for each modifier included individually in the model 






Chapter 1 Figures 
Figure 1: Forest plots of the rate ratios and 95% confidence intervals for the 7-day cumulative 
effect of the maximum pollen concentration compared to the 7-day cumulative effect of the 
minimum pollen concentration in NYC zip codes. 
    
































Chapter 1 Supplementary Material 
Table S1: Spearman correlation matrix of potential zip code-level effect modifiers in (n = 139) 
 
 Tree canopy 
cover 




Tree canopy cover 1.0 
 
-- -- -- 
Black carbon -0.29* 
 
1.0 -- -- 
Median household income  0.23* -0.30* 1.0 -- 
 
Non-Hispanic black  0.09 -0.04 -0.36* 1.0 
 




































Table S2: Median value of modifiers in converging (n = 139) and non-converging (n = 40) zip 
codes. 
 
 Median  
(converging) 




Median household income $38,470 $58,060 < 0.001* 
Non-Hispanic black 18.9% 3.2% < 0.001* 
Tree canopy cover 15.4% 11.1%    0.01* 
Black carbon 1.14 abs 1.05 abs    0.17 
* p < 0.05 





































Table S3: Percent change in the effect estimate for the association between daily pollen 
concentrations and daily asthma ED visits per interquartile range increase in the effect modifier, 
controlling for spatial autocorrelation of the residuals using a thin plate spline of the spatial 
coordinates with two degrees of freedom. Effect modifiers were included in the model one at a 
time. 
 
Modifier Pollen type % change (95% CI) 
(without spline) 
% change (95% CI) 
 (with spline) 
Non-Hispanic black Ash 12.9* (0.4, 25.3) 12.2 (-1.6, 25.9) 
 Sycamore 17.0* (4.4, 29.5) 18.0* (4.7, 31.3) 
 Mid-season 
 
15.0* (2.3, 27.7) 15.7* (1.3, 30.1) 
Tree canopy cover Birch 20.7* (3.4, 38.0) 19.9* (3.3, 36.5) 
 Ash 19.1* (6.8, 31.4) 18.9* (6.3, 31.4) 
 Sycamore 16.8* (4.1, 29.6) 16.3* (3.8, 28.9) 
 Mid-season 21.5* (9.1, 33.9) 21.1* (8.0, 34.2) 





























Table S4: Sensitivity analysis comparing the effect of zip code tree canopy coverage with and 
without a 300 meter buffer. Effect sizes are for an interquartile range increase in tree canopy 
coverage with the 300 meter buffer (7.6%).  
 
Pollen Type % change (95% CI) 
2010 tree canopy  
(300 meter buffer) 
% change (95% CI) 
2010 tree canopy  
(no buffer) 
Maple  17.5  (-3.2, 38.2) 13.9  (-4.9, 32.7) 
Birch  20.7* (3.4, 38.0) 18.8* (3.1, 34.5) 
Ash  19.1* (6.8, 31.4) 13.9* (2.7, 25.2) 
Sycamore  16.8* (4.1, 29.6) 11.7  (-0.1, 23.4) 
Mid-Season  21.5* (9.1, 33.9) 16.8* (7.7, 25.9) 






Figure S1: Maps of the rate ratios for the 7-day cumulative effect of the maximum pollen 
concentration compared to the 7-day cumulative effect of the minimum pollen concentration by 
zip code.  
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Exposure to certain types of allergenic tree pollen is a risk factor for multiple allergic disease 
outcomes. Little is known about how tree pollen levels vary within cities and whether such 
variation affects the development or exacerbation of allergic disease. To address this gap in 
knowledge, we took integrated pollen samples at uniform height at 45 sites across New York 
City during the 2013 pollen season. We used these monitoring results to develop a land use 
regression model for tree pollen. We evaluated four types of land use variables characterized at 
five radial buffer sizes for inclusion in the model: tree canopy, distributed building height (a 
measure of building density), elevation, and traffic density. We also evaluated distance to water 
for each monitoring site. When included alone in the model, percent tree canopy cover within a 
0.5 km radial buffer explained 39% of the variance in tree pollen (β1 for a 1% increase in tree 
canopy: 0.019, p-value for β1: < 0.0001, R2 = 0.39). The inclusion of additional variables did not 
improve model fit. We conclude that intra-urban variation in tree canopy is an important driver 





Exposure to allergenic tree pollen is associated with a range of allergic disease outcomes, 
including the development of allergic sensitization to tree pollen (Bjorksten et al. 1980; 
Kihlstrom et al. 2003; Porsbjerg et al. 2002), exacerbation of allergic rhinitis (Cakmak et al. 
2002; Sheffield et al. 2011; Villeneuve et al. 2006), and exacerbation of allergic asthma (Dales et 
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al. 2008; Darrow et al. 2012; Delfino et al. 2002; Galan et al. 2010; Jariwala et al. 2014). 
Allergic rhinitis and asthma are highly prevalent and costly illnesses with large impacts on 
quality of life. Asthma currently affects 8% of adults and 10% of children in the United States, 
resulting in approximately $56 billion in medical expenditures, missed work and school days, 
and early deaths in 2007 (Centers for Disease Control and Prevention 2011). Allergic rhinitis 
affects 7.5% of adults and 9.0% of children in the U.S. (Blackwell et al. 2014; Bloom et al. 2013). 
The estimated costs of health services and prescription medication sales for allergic rhinitis in the 
U.S. was $11.2 billion in 2005 (Soni 2008). 
 
Many studies of the population health impacts of tree pollen are based on exposure data from a 
single site, as most cities in the U.S. have only one pollen monitoring station. Consequently, little 
is known about the spatial distribution of tree pollen within cities and the relevance of this 
distribution to health. In a systematic literature review, we identified 13 studies that measured 
intra-urban tree pollen variation. 12 of these studies found heterogeneity in tree pollen levels 
within cities, possibly arising from differences in local vegetation (Alcazar et al. 2004; Celenk et 
al. 2010; Emberlin and Norris-Hill 1991; Gonzalo-Garjo et al. 2006; Ishibashi et al. 2008; 
Katelaris et al. 2004; Myszkowska et al. 2012; Nowak et al. 2012; Raynor et al. 1975; 
Rodriguez-Rajo et al. 2010; Velasco-Jiménez et al. 2012). However, most of these studies used a 
small number of sampling sites (typically four or fewer), and many have other design limitations 
such as non-uniform height of sampling (Weinberger et al. 2015).  
 
The health implications of intra-urban gradients in tree pollen exposure may be significant. In 
New York City (NYC), tree canopy density within a 0.25 km radial buffer of a child’s prenatal 
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address was associated with a significantly increased risk of developing allergic sensitization to a 
group of common tree pollen allergens by age 7 (Lovasi et al. 2013a). However, no information 
on pollen exposure was available in this study. As urban tree planting programs are increasingly 
adopted to provide ecological, social, and public health benefits in cities (Donovan et al. 2011; 
Donovan et al. 2013; Lovasi et al. 2011; Lovasi et al. 2012; Lovasi et al. 2013b), it is timely to 
systematically assess the distribution of tree pollen and its relationship to the urban tree canopy.   
 
Here, we describe results from the first year of the New York City Pollen Survey (NYCPS), one 
of the largest intra-urban pollen monitoring networks worldwide. In the NYCPS, pollen is 
monitored at 45 sites across NYC using the monitoring framework of the New York City 
Community Air Survey (NYCCAS), a study of intra-urban spatial variation of air pollutants 
(Matte et al. 2013). We further describe the development of land use regression (LUR) and 
kriging models for total tree pollen and several individual allergenic pollen types using the 





Site Selection  
 
We measured pollen at 45 sites distributed throughout NYC’s five boroughs. We selected these 
sites from among the 100 active monitoring sites of the NYCCAS, one of the largest ongoing 
studies of spatial variation in air pollution within an urban area (Matte et al. 2013). To maximize 
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potential variability in tree pollen across sites, we used a GIS to overlay the NYCCAS sites with 
a 2010 land cover map that includes a state-of-the-art measure of tree canopy coverage derived 
from Light Detection and Ranging data (MacFaden et al. 2012).  We divided the NYCCAS sites 
into terciles (low, medium, and high) of tree canopy cover within a 0.25 km radial buffer. To 
choose 45 sites, we first included 10 sites at which we had conducted a pilot study in 2012, 
assigning each of these sites to the appropriate terciles. We then randomly selected from the 
remaining NYCCAS sites until we reached 15 sites in each tercile. We also used a stratified 
random sample to select 10 sites at which to install replicate samplers, such that four replicate 





We took a single, integrated pollen sample at each monitoring site using Tauber traps (Tauber 
1974) that we modified for mounting on utility poles. Tauber traps depend on gravity and a 50% 
glycerol base (mixed with one gram of thymol to slow fungal growth) to collect and measure 
pollen deposition (in grains per cm2, hereafter referred to as “influx”) over periods of weeks or 
months. Despite the length of time for which Tauber traps are commonly deployed, different 
pollen types do not appear to be differentially preserved (Hall 1994). We installed the traps in 
late February 2013 and removed them in November 2013 in order to capture the entire 2013 
pollen season (March to October) (Dvorin et al. 2001). To facilitate comparisons across the city, 
we installed all traps as close to 8 feet off the ground as possible (range: 7.3 to 9.6 feet) and 
facing west (into the dominate wind direction) unless conditions were prohibitive. We installed 
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replicate samplers at 10 sites. Replicate samplers were separated by a height of approximately 
nine inches, both facing west. In subsequent analysis, we considered the sampler installed closest 
to 8 feet to be the main sampler. Finally, we installed one modified Tauber trap on a rooftop in 
midtown Manhattan, where daily pollen concentrations are monitored by Fordham University 
using a Burkard volumetric spore trap (Hirst 1952) to enable comparisons of taxa-specific pollen 





We processed Tauber trap contents using laboratory methods that are well-established in the 
preparation of both fossil and modern pollen samples (Burney and Burney 1993; Faegri and 
Iversen 1989; Hall 1990, 1992). The purpose of these methods is to concentrate the sample and 
to remove extraneous material. Briefly, sampling bottles were rinsed into 15 mL tubes, 
centrifuged, and decanted. Concentrated samples were sieved and subjected to a series of 
chemical washes. One tablet of Lycopodium spores (batch no. 1031, 20,848 ± 1,546 grains per 
tablet, Department of Quaternary Geology, Lund University, Sweden) was added to each sample 
during the chemical wash steps. Sample residues were plated on glycerine jelly slides and stained 
with phenosafranine. Additional detail on the processing steps is provided in Appendix 4.  
 
A National Allergy Bureau-certified pollen counter carried out microscopic analysis of the 
processed samples, classifying pollen to the genus level when possible. A small proportion of 
each sample was counted, as the total amount of pollen in a Tauber trap is typically too large to 
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count in its entirety. The proportion of the sample counted is tracked using the Lycopodium spore 
spike, and this quantity is used to calculate the total amount of pollen in the sample. A common 
recommendation is that samples should be counted until 400 pollen grains is reached to ensure a 
representative count (Hall 1994; Levetin et al. 2002). However, this number is intended for 
studies aiming to characterize the relative contribution of different pollen taxa to the sample, 
whereas we aim to make an estimate of the total number of tree pollen grains in each trap. 
Accordingly, we used a method that allows for the calculation of 95% confidence intervals for 
the true number of pollen grains in a sample (Maher 1981). Using this method, we counted tree 
pollen until the distance between the confidence interval bounds was less than 32% of the point 
estimate for total tree pollen. We chose 32% as the boundary as there are rapidly diminishing 
returns in terms of accuracy versus pollen grains counted after this point (see Appendix 5). The 
number of tree pollen grains counted to reach the 32% boundary in each sample was consistently 





Spatial Distribution of Pollen: To visually describe spatial variation, we produced maps of tree 
pollen influx at the monitoring sites. We examined maps for total tree pollen (our main exposure) 
as well as for four tree pollen genera that are clinically significant allergens, have well-
established sensitization patterns in the Northeastern United States, and are included in a test for 
allergic sensitization to tree pollen used in a major NYC asthma study population (Lin et al. 
2002; Olmedo et al. 2011; White and Bernstein 2003). These pollen types are: maple (Acer sp.), 
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birch (Betula sp.), oak (Quercus sp.), and sycamore (Platanus sp.). We used Pearson correlation 
to quantify differences in spatial patterns between pollen types.  
 
Replicate Samples: We quantified variation between pairs of replicate samplers by calculating 
the standard error of imprecision (Kinney and Thurston 1993), which is equal to the square root 
of one half the variance of the differences between the 10 pairs of replicate samplers. We 
expressed this error as a percent of the mean influx measured in the replicate samplers. A 
discussion of the degree to which error in the pollen counting process contributes to this value 
can be found in Appendix 5.  
 
Tauber/Burkard Comparison: To compare the relative contributions of different pollen types to 
the total amount of pollen collected in the two trap types over the entire 2013 pollen season, we 
summed daily concentrations of each pollen type measured in the Burkard trap to come up with 
seasonal concentrations (grains per m3 per pollen season) which would be comparable to the 
integrated Tauber samples (grains per cm2 per pollen season). Log-transformed Burkard seasonal 
concentrations and Tauber influx values were compared using Pearson correlation.  
 
LUR Model Candidate Variables: We considered the following variables for inclusion in a LUR 
model for total tree pollen: percent tree canopy cover, distributed building height, minimum 
elevation, mean elevation, maximum elevation, traffic density, monitoring site elevation, and 
monitoring site distance to water. Except for percent tree canopy cover, which captures the 
source of tree pollen, we included these variables because we hypothesized that they may be 
related to patterns of airflow through the city. Additional information on the definitions and data 
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sources of the land use variables is provided in Table 1. With the exception of monitoring site 
elevation and distance to water, which are characteristics of points, each variable was considered 
in five radial buffer sizes around the monitoring site: 0.05, 0.1, 0.25, 0.5, and 1 km.  
 
LUR Model Building: Total tree pollen was log-transformed to ensure normality of the LUR 
model residuals. We examined log-transformed total tree pollen for outliers, defined as plus or 
minus three times the standard deviation. To select predictor variables for the LUR, we began by 
evaluating Pearson correlation coefficients for each variable in each buffer size with log-
transformed total tree pollen. For each variable (except the point characteristics), we considered 
the most highly correlated buffer size for inclusion in the LUR, unless no buffer sizes were 
significant. Similarly, we considered the point characteristics for inclusion if they were 
significantly correlated with log-transformed total tree pollen. We then selected variables for 
inclusion in the model in order of the strength of correlation with log-transformed total tree 
pollen, beginning with the source variable, percent tree canopy cover. Next, we considered 
distributed building height and the interaction of tree canopy cover and distributed building 
height, followed by the elevation variables and traffic density. We kept variables in the model if 
they were statistically significant (p < 0.05), increased the adjusted R2, and had a variance 
inflation factor of less than 2.0.  
 
Cross-Validation and Sensitivity Analysis: Because the number of monitoring sites was 
relatively small, we built the LUR model using data from all sites and evaluated model 
performance using leave-one-out-cross validation and the root mean square error (RMSE) using 
the ‘boot’ package in R (Canty and Ripley 2015; Davison and Hinkley 1997). We first assessed 
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model performance for the main model, then examined two models using restricted datasets: (1) 
the main model built using data only from monitoring sites facing due west, and (2) the main 
model built using data only from samplers that did not sustain damage over the sampling period.   
 
Individual Taxa Models: We examined correlations of tree canopy with log-transformed influx 
of the four individual allergenic tree pollen types described earlier to assess the feasibility of 
building additional LUR models. We built LUR models for taxa that were significantly 
correlated with tree canopy following the same procedure used for total tree pollen. 
 
Kriging with External Drift: We examined variograms of LUR model residuals using the ‘gstat’ 
package in R (Pebesma 2004) to assess whether kriging the residuals would further improve 
model predictions. For tree pollen taxa that had no significant predictors in an LUR model, we 
examined variograms of log-transformed influx and modeled their spatial distributions using 
ordinary kriging. Additional detail on the development of the variograms and kriging models is 
provided in Appendix 7.  
 
Software: All analyses were conducted using the R statistical package version 3.02 (R Core 
Team, Vienna, Austria, 2014). Land use variables were calculated using ArcGIS Desktop version 







Pollen Sampling Results 
 
Data Quality: At the conclusion of the 2013 pollen season, one sampler was damaged to the 
point of being unusable, reducing the number of data points to 44. 11 samplers sustained damage 
that left the sampler intake slightly tilted (less than 15 degrees). The impact of this tilt is 
evaluated in sensitivity analysis.   
 
Spatial Distribution of Pollen: Across monitoring sites, total tree pollen influx ranged from 2,942 
grains per cm2 to 17,460 grains per cm2, a factor of almost six (Table 2). Oak and sycamore were 
the most abundant allergenic pollen types measured. Some individual taxa exhibited an even 
greater degree of spatial variability than total tree pollen. For example, sycamore pollen influx 
varied by a factor of 70. Individual tree pollen types also exhibited distinct spatial patterns 
(Figure 1). For example, sycamore pollen influx was not significantly correlated with several 
other tree pollen taxa, including oak (Pearson r = 0.29) and birch (Pearson r = -0.10) (Table 3).  
 
Replicate Results: The standard error of imprecision for total tree pollen was 1,474 grains/cm2, 
or 20.6% of the mean total tree pollen influx measured in the replicate samplers (Figure S2a). 
There was no apparent difference in influx as a function of height when comparing the lower 
sampler to the upper sampler at replicate sites (Figure S2b).  
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Tauber/Burkard Comparison: The influx of different pollen types measured in the modified 
Tauber trap were highly correlated with the seasonal concentrations measured in the Burkard 
trap (Pearson r = 0.88). The relative contributions of each pollen type to the seasonal totals are 





LUR Model Candidate Variables: The distribution of land use variables at the five buffer sizes 
across monitoring sites is shown in Table S1. Tree canopy and all four elevation measures were 
significantly positively correlated with total tree pollen, while distributed building height was 
significantly negatively correlated with total tree pollen. Distance to water and traffic density had 
weakly positive but non-significant correlations with total tree pollen. The most highly correlated 
buffer sizes for each variable are listed in Table 4. The single highest correlation was with tree 
canopy within a 0.5 km buffer (Pearson r = 0.626).  
 
LUR Model Building: There were no outliers in log-transformed total tree pollen. When included 
alone in the LUR, percent tree canopy cover within a 0.5 km radial buffer explained 39% of the 
variance in log-transformed tree pollen (Table 5). Once the tree canopy variable was included in 
the model, no other land use variables improved the model fit. Subsequent analyses utilize tree 
canopy within a 0.5 km radial buffer as the only predictor for total tree pollen (hereafter referred 




Cross-Validation: The RMSE from leave-one-out cross-validation for the main model was 0.322 
log-transformed pollen grains per cm2 (Table 6). The RMSE improved slightly to 0.303 when the 
model was built using only sites where the sampler faced due west (n = 38). Restricting the 
model-building dataset to sites where the sampler intakes were not tilted (n = 33) increased the 
RMSE to 0.355.  
 
Individual Taxa Models: We removed one outlier from the birch pollen dataset (n = 43) and two 
outliers from the maple pollen dataset (n = 42). Oak pollen was the only individual pollen type 
that was significantly correlated with percent tree canopy at any of the five buffer sizes (Table 7). 
The most highly correlated tree canopy buffer size was 0.5 km (Pearson r = 0.60). After 
including percent tree canopy within a 0.5 km radial buffer in an LUR model for log-transformed 
oak pollen, no additional land use variables improved the fit (Table 5). Percent tree canopy 
explained less of the variance in oak pollen than it did in total tree pollen.  
 
Kriging: There were no trends in the semivariance in variograms of the main model and oak 
model residuals. Consequently, we were unable to improve these models with kriging techniques. 
We did observe trends in variograms of both log-transformed sycamore and maple influx, which 
we then modeled using ordinary kriging with an exponential fit. Supplemental Figure 3 shows 
the prediction and variance surfaces derived from these kriging models. For both models, 
predictions for the eastern edge of the city had the largest variance due to the lack of monitoring 
sites. The RMSE from leave-one-out cross validation was 0.926 log-transformed grains per cm2 
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Here, we have described monitoring results from one of the largest intra-urban pollen monitoring 
networks. We found that total tree pollen varies by a factor of approximately six across NYC 
(2,942 grains per cm2 to 17,460 grains per cm2), with some individual pollen types exhibiting an 
even greater degree of variation. We expanded on these findings by building what we believe is 
the first LUR model for tree pollen. In the LUR, tree canopy cover within a 0.5 km radial buffer 
explained 39% of the variance in log-transformed total tree pollen, suggesting that intra-urban 
variation in tree canopy is an important predictor of local tree pollen levels.   
 
The density of the monitoring network (45 sites) is almost unprecedented. Ishibashi et al. 
(Ishibashi et al. 2008) measured pollen at 78 sites in Tokyo, Japan in 2006, but the sampling 
period was limited to a single 24-hour period and the distribution of only two pollen species – 
Japanese cedar (Cryptomeria japonica) and Japanese cypress (Chamaecyparis obtusa) – was 
characterized. In contrast, our integrated samples spanned the 2013 pollen season, allowing us to 
examine the variability in the magnitude of the entire pollen season for multiple pollen taxa 
within NYC as well as investigate drivers of this variation.  
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Our 2013 monitoring results are consistent with previous work suggesting that tree pollen levels 
vary substantially within cities. Celenk et al. (Celenk et al. 2010) measured daily tree pollen 
concentrations with a Hirst-type (Hirst 1952) sampler at two sites in Istanbul, Turkey and found 
that the total number of tree pollen grains captured over the course of a year was greater than 
35% higher at a site on the European continent than a site on the Asian continent. Larger 
differences were observed for some individual pollen types; notably, sycamore pollen counts 
varied by a factor of 6. Similarly, Emberlin and Norris-Hill (Emberlin and Norris-Hill 1991) 
measured influx of several pollen types at 12 sites in North London over a two-year period and 
found substantial variation across sites. For example, sycamore pollen influx varied by 646% 
across sites, while grass pollen (Poaceae) influx varied by only 77%. The authors suggest that the 
heterogeneous distribution of sycamore trees within the sampling area and the small, dense 
nature of sycamore pollen grains give rise to this variability.   
 
We found that percent tree canopy cover within a 0.5 km radial buffer explained nearly 40% of 
the variance in log-transformed total tree pollen. In addition to measurement error, the remaining 
variance could be explained by a number of factors, including changes in the tree canopy 
between canopy assessment in 2010 and pollen measurement in 2013, the heterogeneous 
distribution different tree species within the canopy and their contributions to total tree pollen, 
and additional land use characteristics we were not able to capture. For example, a more complex 
measure of air flow accounting not only for building density but also street and wind direction 
could prove useful in predicting tree pollen influx. In addition, the reduction in the RMSE when 
the model was restricted to sites with samplers facing due west suggests that non-uniform 
sampler direction contributed to the remaining variance as well.  
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A limitation of the model for total tree pollen is that it provides information on pollen levels only 
on a coarse timescale (i.e., an entire pollen season). However, exposure estimates from this LUR 
model could be used to weight daily pollen concentrations measured at the regional monitoring 
station in Manhattan, NYC to develop daily pollen time series that are relevant on an intra-urban 
scale. While the regional monitoring station uses a Burkard rather than a Tauber samplers, we 
found that the relative amounts of different pollen types observed over the entire 2013 pollen 
season in the Burkard sampler in Manhattan were highly correlated with the relative amounts of 
different pollen types in a co-located modified Tauber trap (Pearson r = 0.88). Levetin et al. 
observed similar results in a comparison of a Burkard trap and a traditional Tauber trap (Pearson 
r = 0.91) (Levetin et al. 2002).  
 
Tree canopy was more strongly related to total tree pollen than to any individual tree pollen type. 
Oak was the only pollen type individually correlated with percent tree canopy cover. We were 
unable to use speciated tree canopy measures to improve our individual pollen type models as we 
did not have complete information on the distribution of individual tree types within the canopy. 
While tree canopy appears to be a poor proxy for exposure to some individual taxa, we were able 
to model the spatial distribution of both sycamore and maple pollen with ordinary kriging. This 
technique relies on the correlation structure of measured values of pollen through space rather 
than on land use characteristics. However, the prediction errors from the kriging models were 
much larger than the error for the total tree pollen land use regression model. Thus, accurate 
modeling of the distribution of sycamore and maple pollen across NYC will require better 
information on pollen sources.   
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Strengths of this study include the density and number of sampling sites, the collection of 
samples at uniform height, and the use of high-resolution tree canopy data to systematically 
investigate the relationship between trees and pollen within a city. Planned future monitoring 
will attempt to answer several key remaining questions, including determining if the patterns we 
observed in 2013 are stable across years and systematically evaluating the effect of sampler 
direction on pollen influx.  
 
The results of this study are particularly relevant in light of the massive urban tree planting 
campaigns currently underway both in the United States and abroad. While these programs are 
expected to have significant health benefits (Donovan et al. 2011; Donovan et al. 2013; Lovasi et 
al. 2011; Lovasi et al. 2012; Lovasi et al. 2013b), they could also increase exposure to allergenic 
tree pollen. We have shown that tree canopy on a small scale (0.5 km) influences the distribution 
of tree pollen. If intra-urban variation in tree pollen exposure is confirmed to contribute to the 
development or exacerbation of allergic disease, future tree planting campaigns could consider 






Alcazar P, Carinanos P, De Castro C, Guerra F, Moreno C, Dominguez-Vilches E, et al. 2004. 
Airborne plane-tree (platanus hispanica) pollen distribution in the city of Cordoba, south-western 
Spain, and possible implications on pollen allergy. Journal of Investigational Allergology and 
Clinical Immunology 14:238-243. 
Bjorksten F, Suoniemi I, Koski V. 1980. Neonatal birch-pollen contact and subsequent allergy to 
birch pollen. Clinical and Experimental Allergy 10:585-591. 
Blackwell DL, Lucas JW, Clarke TC. 2014. Summary health statistics for U.S. Adults: National 
health interview survey, 2012. Vital Health Stat 10(260). 
Bloom B, Jones LI, Freeman G. 2013. Summary health statistics for U.S. Children: National 
health inverview survey, 2012. Vital Health Stat 10(258). 
Burney DA, Burney LP. 1993. Modern pollen deposition in cave sites: Experimental results from 
New York state. New Phytologist 124:523-535. 
Cakmak S, Dales RE, Burnett RT, Judek S, Coates F, Brook JR. 2002. Effect of airborne 
allergens on emergency visits by children for conjunctivitis and rhinitis. Lancet 359:947-948. 
Canty A, Ripley B. 2015. Boot: Bootstrap R (S-plus) functions. R package version 1.3-15. 
Celenk S, Bicakci A, Tamay Z, Guler N, Altunoglu MK, Canitez Y, et al. 2010. Airborne pollen 
in European and Asian parts of Istanbul. Environmental Monitoring and Assessment 164:391-
402. 
Dales RE, Cakmak S, Judek S, Coates F. 2008. Tree pollen and hospitalization for asthma in 
urban Canada. Int Arch Allergy Immunol 146:241-247. 
Darrow LA, Hess J, Rogers CA, Tobert PE, Klein M, Sarnat SE. 2012. Ambient pollen 
concentrations and emergency department visits for asthma and wheeze. Journal of Allergy and 
Clinical Immunology 130:630-638. 
Davison AC, Hinkley DV. 1997. Bootstrap methods and their applications. Cambridge: 
Cambridge University Press. 
Delfino RJ, Zeiger RS, Seltzer JM, Street DH, McLaren CE. 2002. Association of asthma 
symptoms with peak particulate air pollution and effect modification by anti-inflammatory 
medication use. Environmental Health Perspectives 110:A607-A617. 
Donovan GH, Michael YL, Butry DT, Sullivan AD, Chase JM. 2011. Urban trees and the risk of 
poor birth outcomes. Health & Place 17:390-393. 
Donovan GH, Butry DT, Michael YL, Prestemon JP, Liebhold AM, Gatziolis D, et al. 2013. The 
relationship between trees and human health: Evidence from the spread of the emerald ash borer. 
American Journal of Preventive Medicine 44:139-145. 
98	  	  
Dvorin DJ, Lee JJ, Belecanech GA, Goldstein MF, Dunsky EH. 2001. A comparative, 
volumetric survey of airborne pollen in Philadelphia, Pennsylvania (1991-1997) and Cherry Hill, 
New Jersey (1995-1997). Annals of Allergy, Asthma & Immunology 87:394-404. 
Emberlin J, Norris-Hill J. 1991. Spatial variation of pollen deposition in North London. Grana 
30:190-195. 
Faegri K, Iversen J. 1989. Textbook of pollen analysis. 4th edition. Faegri K, Kaland PE, 
Krzywinski K, eds. Chichester: John Wiley and Sons. 
Galan I, Prieto A, Rubio M, T. H, Cervigon P, Cantero JL, et al. 2010. Association between 
airborn pollen and epidemic asthma in Madrid, Spain: A case-control study. Thorax 65:398-402. 
Gonzalo-Garjo MA, Tormo-Molina R, Munoz-Rodriguez AF, Silva-Palacios I. 2006. 
Differences in the spatial distribution of airborne pollen concentrations at different urban 
locations within a city. Journal of Investigational Allergology and Clinical Immunology 16:37-
43. 
Hall SA. 1990. Pollen deposition and vegetation in the southern rocky mountains and the 
southwest plains, USA. Grana 29:47-61. 
Hall SA. 1992. Comparative pollen influx at a nine-trap array in the grand prairie of northern 
Texas. Texas Journal of Science 44:469-474. 
Hall SA. 1994. Modern pollen influx in tallgrass and shortgrass prairies, southern Great Plains, 
USA. Grana 33:321-326. 
Hirst J. 1952. An automatic volumetric spore trap. Annals of Applied Biology 39:257-265. 
Ishibashi Y, Ohno H, Oh-ishi S, Matsuoka T, Kizaki T, Yoshizumi K. 2008. Characterization of 
pollen dispersion in the neighborhood of Tokyo, Japan in the spring of 2005 and 2006. 
International Journal of Environmental Research and Public Health 5:76-85. 
Jariwala S, Toh J, Shum M, de Vos G, Zou K, Sindher S, et al. 2014. The association between 
asthma-related emergency department visits and pollen and mold spore concentrations in the 
Bronx, 2001-2008. J Asthma 51:79-83. 
Katelaris CH, Burke TV, Byth K. 2004. Spatial variability in the pollen count in Sydney, 
Australia: Can one sampling site accurately reflect the pollen count for a region? Annals of 
Allergy, Asthma & Immunology 93:131-136. 
Kihlstrom A, Lilja G, Pershagen G, Hedlin G. 2003. Exposure to high doses of birch pollen 
during pregnancy and risk of sensitization and atopic disease in the child. Allergy 58:871-877. 
Kinney PL, Thurston GD. 1993. Field evaluation of instrument performance: Statistical 
considerations. Appl Occup Environ Hyg 8:267-271. 
Levetin E, Rogers CA, Hall SA. 2002. Comparison of pollen sampling with a Burkard spore trap 
and a Tauber trap in a warm temperate climate. Grana 39:294-302. 
99	  	  
Lin RY, Claus AE, Bennett ES. 2002. Hypersensitivity to common tree pollens in New York 
City patients. Allergy and Asthma Proceedings 23:253-258. 
Lovasi GS, Jacobson JS, Quinn JW, Neckerman KM, Ashby-Thompson MN, Rundle A. 2011. Is 
the environment near home and school associated with physical activity and adiposity of urban 
preschool children? Journal of Urban Health 88:1143-1157. 
Lovasi GS, Bader MD, Quinn J, Neckerman K, Weiss C, Rundel A. 2012. Body mass index, 
safety hazards, and neighborhood attractiveness. American Journal of Preventive Medicine 
43:378-384. 
Lovasi GS, O'Neil-Dunne JP, Lu JW, Sheehan D, Perzanowski MS, MacFaden SW, et al. 2013a. 
Urban tree canopy and asthma, wheeze, rhinitis, and allergic sensitization to tree pollen in a New 
York City birth cohort. Environmental Health Perspectives 121:494-500. 
Lovasi GS, Schwartz-Soicher O, Quinn JW, Berger DK, Neckerman K, Jaslow R, et al. 2013b. 
Neighborhood safety and green space as predictors of obesity among preschool children from 
low-income families in New York City. Preventive Medicine 57:189-193. 
MacFaden SW, O'Neil-Dunne JPM, Royar AR, Lu JWT, Rundle A. 2012. High-resolution tree 
canopy mapping for new york city using LiDAR and object-based image analysis. Journal of 
Applied Remote Sensing 6:063567. 
Maher LJ. 1981. Statistics for microfossil concentration measurements employing samples 
spiked with marker grains. Review of Palaeobotany and Palynology 32:153-191. 
Matte TD, Ross Z, Kheirbek I, Eisl H, Johnson S, Gorczynski JE, et al. 2013. Monitoring 
intraurban spatial patterns of multiple combustion air pollutants in New York City: Design and 
implementation. Journal of Exposure Science & Environmental Epidemiology 23:223-231. 
Myszkowska D, Stepalska D, Dyga W, Bokalska-Rajba J, Czarnobilska E. 2012. Survey of 
biological particles in the atmosphere of the Cracow center (southern Poland) in 2011. 
Preliminary study. Przegla̧d Lekarski 69:1254-1260. 
Nowak M, Szymanska A, Grewling L. 2012. Allergic risk zones of plane tree pollen (Platanus 
sp.) in Poznan. Postepy Dermatologii I Alergologii 29:156-160. 
Olmedo O, Goldstein IF, Acosta L, Divjan A, Rundle AG, Chew GL, et al. 2011. Neighborhood 
differences in exposure and sensitization to cockroach, mouse, dust mite, cate, and dog allergens 
in New York City. Journal of Allergy and Clinical Immunology 128:284-292 e287. 
Pebesma EJ. 2004. Multivariable geostatistics in S: The gstat package. Computers & 
Geosciences 30:683-691. 
Porsbjerg C, Linstow ML, Nepper-Christensen SC, Rasmussen A, Korsgaard J, Nolte H, et al. 
2002. Allergen sensitization and allergen exposure in Greenlander Inuit residing in Denmark and 
Greenland. Respiratory Medicine 96:736-744. 
Centers for Disease Control and Prevention. 2011. Vital Signs, May 2011. Available: 
http://www.cdc.gov/vitalsigns/asthma/. Accessed 10 May 2015.  
100	  	  
Raynor GS, Ogden EC, Hayes JV. 1975. Spatial variability in airborne pollen concentrations. 
Journal of Allergy and Clinical Immunology 55:195-202. 
Rodriguez-Rajo FJ, Fdez-Sevilla D, Stach A, Jato V. 2010. Assessment between pollen seasons 
in areas with different urbanization level related to local vegetation sources and differences in 
allergen exposure. Aerobiologia 26:1-14. 
Sheffield PE, Weinberger KR, Ito K, Matte TD, Mathes RW, Robinson GS, et al. 2011. The 
association of tree pollen concentration peaks and allergy medication sales in New York City: 
2003-2008. ISRN Allergy. doi: 10.5402/2011/537194. 
Soni A. 2008. Allergic rhiniits: Trends in use and expenditures, 2000 and 2005. (Statistical Brief 
24). Agency for Healthcare Research and Quality. Available: 
http://meps.ahrq.gov/mepsweb/data_files/publications/st204/stat204.pdf. Accessed 6 April 2015. 
Tauber H. 1974. A static non-overload pollen collector. New Phytologist 73:359-369. 
Velasco-Jiménez MJ, Alcázar P, Domínguez-Viches E, Galán C. 2012. Comparative study of 
airborne pollen counts located in different areas of the city of Córdoba (south-western Spain). 
Aerobiologia 29:113-120. 
Villeneuve PJ, Doiron MS, Stieb D, Dales R, Burnett RT, Dugandzic R. 2006. Is outdoor air 
pollution associated with physician visits for allergic rhinitis among the elderly in Toronto, 
Canada? Allergy 61:750-758. 
Weinberger KR, Kinney PL, Lovasi GS. 2015. A review of spatial variation in allergenic tree 
pollen within cities. Arboriculture & Urban Forestry 41:57-68. 
White JF, Bernstein DI. 2003. Key pollen allergens in North America. Annals of Allergy, 




Chapter 2 Tables 
Table 1: Land use variable definitions and data sources 
 
Variable Definition Source 
Tree canopy 
 
Percent of buffer area covered by 
tree canopy 
2010 LiDAR mission 
 
 
Distributed building height 
 
Building volume within the buffer 
divided by buffer area 
NYC Building Footprints 2013-09 
release from NYC Open Data with 




Minimum elevation within the 
buffer area 
NYC 1-foot resolution digital 





Mean elevation of the buffer area NYC 1-foot resolution digital 





Maximum elevation within the 
buffer area 
NYC 1-foot resolution digital 





Elevation of the pollen site NYC 1-foot resolution digital 
elevation model from 2010 LiDAR 
mission 
 
Distance to water Distance to nearest body of water Esri  
 
Traffic density  
 










Table 2: Descriptive statistics for total tree pollen and four individual pollen types measured at 
the 44 NYCPS monitoring sites 
 
Pollen type Minimum 25th %ile 50th  %ile 75th %ile Maximum 
Oak 
 
490 grains/cm2 1,510 1,948 2,578 6,989 
Sycamore 
 
114 454 716 1,275 8,031 
Birch 
 
113 208 277 325 979 
Maple 
 
5 40 52 79 775 
Total tree pollen* 2,942 4,951 5,786 8,105 17,460 
 
* Sum of all tree pollen types measured at each monitoring site 
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Table 3: Pearson correlations between total tree pollen and the four individual pollen types. All 
variables were log-transformed.  
 
 Oak Sycamore Birch Maple Total Tree 
Oak 1.0     
Sycamore 0.29 1.0    
Birch 0.45* 0.07 1.0   
Maple 0.26 0.47* 0.31 1.0  
Total Tree 0.81* 0.65* 0.32* 0.44* 1.0 






Table 4: Pearson correlation of predictor variables with log-transformed total tree pollen. The 
most highly correlated buffer size for each variable is shown.  
 
Variable Buffer Size Correlation 
Tree canopy 0.5 km  0.626* 
Building density 0.1 km -0.407* 
Minimum elevation 0.5 km  0.391* 
Maximum elevation 0.05 km  0.316* 
Mean elevation 0.05 km  0.308* 
Point elevation N/Aa  0.307* 
Traffic (MPSI) 0.1 km  0.163 
Distance to water N/Aa  0.131 
* p < 0.05 
a Point elevation and distance to water are calculated for the geographic coordinates of each monitoring site, rather 





Table 5: LUR models for log-transformed total tree pollen and log-transformed oak pollen 
 
Model Predictor Estimate SE p-value R2 
Total tree pollen Tree canopy (0.5 km) 0.0189 0.0036 < 0.0001* 0.392  
 
Oak pollen Tree canopy (0.5 km) 0.0232 0.0047 < 0.0001* 0.364 
 






Table 6: Sensitivity analysis examining the effect of restricting the dataset used for the main 
model to samplers facing due west (n = 38) and samplers without tilted intakes (n = 33).   
 
Model Estimate SE p-value R2 RMSEa 
All observations  
(n = 44) 
0.0189 0.0036 < 0.0001* 0.392  
 
0.322 
West-facing only  
(n = 38) 
0.0194 0.0039 < 0.0001* 0.408 0.303 
Untilted only  
(n = 33) 
0.0219 0.0046 < 0.0001* 0.421 0.355 
* p < 0.05 






Table 7: Pearson correlation of four individual pollen types (log-transformed) with tree canopy at 
various buffer sizes.  
 Tree Canopy Buffer Size 
Pollen type 0.05 km 0.1 km 0.25 km 0.5 km 1 km 
Oak  0.46*  0.45*  0.53*  0.60*  0.55* 
Sycamore  0.09  0.15  0.18  0.25  0.13 
Birch -0.04 -0.10 -0.14 -0.17 -0.16 
Maple -0.06  0.00  0.07  0.17  0.13 
* p < 0.05 
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Chapter 2 Figures 
Figure 1(a-e): Total tree, oak, sycamore, birch, and maple pollen influx in grains per cm2 
measured at the 44 monitoring sites 
 
 















































Figure 2: Total tree pollen estimated using the main model in 0.1 km by 0.1 km grid cells (log-





Chapter 2 Supplemental Material 
Table S1: Descriptive statistics for land use variables at the 44 monitoring sites 
 
Variable Min 25th %ile 50th %ile Mean 75th %ile Max 
Tree canopy (%)       
    0.05 km 0.0 5.5 11.4 17.2 28.8 61.3 
    0.1 km 0.0 6.2 15.0 18.6 28.1 65.8 
    0.25 km 0.0 8.2 16.3 19.2 27.1 59.8 
    0.5 km 1.8 9.0 15.2 18.0 23.0 56.4 
    1 km 2.8 10.2 14.6 18.2 22.2 54.3 
Distributed building 
height (m3) 
      
    0.05 km 0.0 0.8 2.7 11.3 7.2 139.3 
    0.1 km 0.0 1.0 3.2 10.2 7.7 94.0 
    0.25 km 0.0 1.4 3.5 8.3 6.8 54.6 
    0.5 km 0.1 1.6 3.4 8.3 6.6 41.2 
    1 km 0.0 1.4 3.4 6.8 6.2 34.2 
Min elevation (feet)       
    0.05 km -13.5 8.8 27.6 51.6 58.4 271.0 
    0.1 km -62.5 5.9 23.0 45.0 52.1 251.0 
    0.25 km -75.9 -1.9 9.8 31.7 47.0 206.2 
    0.5 km -75.9 -3.3 0.0 13.1 23.4 128.2 
    1 km -75.9 -13.4 -2.6 -2.4 0.2 78.7 
Mean elevation (feet)       
    0.05 km 3.2 12.5 37.4 60.6 74.1 283.5 
    0.1 km 3.3 12.7 36.3 60.3 69.9 283.2 
    0.25 km 6.5 13.1 37.5 60.7 71.7 280.3 
    0.5 km 8.3 16.3 39.8 60.9 80.6 274.0 
    1 km 8.2 17.4 44.1 58.9 84.9 255.6 
Max elevation (feet)       
    0.05 km 8.4 18.9 44.1 68.4 96.7 301.1 
    0.1 km 10.8 25.9 48.4 74.5 106.6 322.7 
    0.25 km 17.4 41.9 59.5 87.5 118.0 344.3 
    0.5 km 21.1 47.6 80.1 104.3 143.5 373.1 
    1 km 24.4 58.0 92.0 120.9 156.4 412.1 
Traffic density (vehicle-
km/hr) 
      
    0.05 km 21.8 43.3 76.5 89.3 94.8 283.2 
    0.1 km 15.4 32.5 48.5 73.2 78.6 301.4 
    0.25 km 14.9 29.7 59.0 73.1 98.8 285.9 
    0.5 km 10.3 33.7 54.7 70.9 101.2 250.6 
    1 km 9.7 35.1 55.3 68.2 101.0 160.4 
Point elevation (feet) 4.8  13.5 38.5 61.3 76.3 283.3 
Distance to water (feet) 38.6 670.7 1638.0 1881.0 2951.0 4779.0 
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Figure S1: Percent occurrence of all observed pollen taxa in the Tauber and Burkard traps co-
located on a rooftop in midtown Manhattan, NY over the entire 2013 sampling period (March to 
November). Quercus = oak, Platanus = sycamore, Betulaceae =  birch family including Betula, 




Figure S2(a-b): Replicate sampling results for total tree pollen influx.  
 































































































































Chapter 3: Association of early life exposure to tree pollen with the development of allergic 
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Background: Urban trees provide numerous ecological, social, and public health benefits. 
However, recent evidence suggests that urban trees may also increase respiratory morbidity by 
increasing exposure to allergenic pollen. 
 
Objectives: We aimed to evaluate the effect of tree pollen exposure in the first year of life on the 
development of allergic sensitization, asthma, wheeze, and rhinitis.  
 
Methods: We used a land use regression model to estimate annual tree pollen exposure at the 
home address(es) lived at in the first year of life for subjects enrolled in a case-control study of 
350 asthmatic and non-asthmatic children in New York City. Allergic sensitization to a group of 
common tree pollen allergens and current asthma were assessed at age 7-8. Wheeze and rhinitis 
were assessed at age 7-8 and age 10-11. We used Poisson regression to estimate the prevalence 
ratio (PR) for each outcome.  
 
Results: The adjusted PR for a one standard deviation increase in modeled tree pollen exposure 
was 1.5 (95% CI: 1.3, 1.8) for allergic sensitization to tree pollen. Estimated tree pollen exposure 
in the first year of life was not associated with any specific allergic sensitization, asthma, wheeze, 
or rhinitis at age 7-8, or with the outcomes assessed at age 10-11. 
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Conclusions: Early life exposure to tree pollen increased the risk of developing allergic 
sensitization to tree pollen in later childhood, but was not associated with the development of 





An emerging body of literature links the urban tree canopy with a wide range of public health 
benefits, including decreased mortality from cardiovascular and respiratory causes (Donovan et 
al. 2013), increased physical activity and decreased obesity (Dadvand et al. 2014; Lovasi et al. 
2011; Lovasi et al. 2012), greater ability to recover from stress (Hartig et al. 2003; Nielsen and 
Hansen 2007), improved mental health and wellbeing (Bowler et al. 2010), and decreased 
adverse pregnancy outcomes (Agay-Shay et al. 2014; Dadvand et al. 2012; Donovan et al. 2011). 
Urban tree planting programs are anticipated to improve respiratory health in part through 
reducing exposure to air pollutants such as ozone and PM2.5 (Bloomberg 2007; Escobedo et al. 
2008; McPherson et al. 1997; Nowak et al. 2000; Nowak 2007). However, the amount of air 
pollution removed by trees at the neighborhood level appears to be small (King et al. 2014; 
Nowak et al. 2013; Pataki et al. 2011; Whitlow et al. 2014).  
 
At the same time, certain types of urban trees may adversely affect respiratory health by 
increasing exposure to allergenic pollen. Daily fluctuations in tree pollen concentrations are 
associated with the exacerbation of allergic rhinitis (Sheffield et al. 2011; Villeneuve et al. 2006) 
and asthma (Darrow et al. 2012; Delfino et al. 2002; Jariwala et al. 2014). Furthermore, recent 
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work suggests that intra-urban variation in the tree canopy may affect the development of 
allergic disease by locally increasing exposure to tree pollen. In a study of children in New York 
City (NYC), percent tree canopy cover within a 0.25 km radial buffer of a child’s prenatal 
address was significantly associated with the development of allergic sensitization to a group of 
tree pollen allergens by the age of 7 as well as with the development of asthma (Lovasi et al. 
2013). Similarly, living within 0.3 km of a park or forest increased the prevalence of current 
asthma by 60% in a cross-sectional study in Sabadell, Spain (Dadvand et al. 2014). However, 
neither study involved tree pollen measurements, raising the possibility that spatially varying 
exposures other than tree pollen could be responsible for the observed increases in allergic 
disease outcomes.   
 
We have previously described the development of a land use regression (LUR) model for tree 
pollen (see Chapter 2). In this model, land use variables were examined for inclusion in a model 
of tree pollen measurements taken over the pollen season of 2013 at 44 sites across NYC. Here, 
we use this model to develop estimates of tree pollen exposure in the first year of life for subjects 
enrolled in the NYC Neighborhood Allergy and Asthma Study (NAAS), a case-control study of 
350 asthmatic and non-asthmatic children recruited through a single health insurance provider. 
We explore the association of estimated tree pollen exposure with allergic sensitization to tree 
pollen and test for effect modification by black carbon exposure, a proxy for locally-emitted 
particulate matter such as diesel exhaust particles (DEP). We further examine the association of 






Study Population:  
 
Established in 2008, the NYC NAAS is a case-control study of asthmatic and non-asthmatic 
children examining the importance of differences in environmental exposures among 
neighborhoods (Cornell et al. 2012; Olmedo et al. 2011). Parents of 7 and 8-year old-children 
were recruited through a single health insurance provider that is used primarily by a middle-
income population. Approximately equal numbers of families from higher (11%-19%) and lower 
(3%-9%) asthma prevalence neighborhoods were invited to participate. Children were assessed 
for asthma at enrollment by parental questionnaire and were classified as cases if the parent 
reported one or more of the following conditions for the child in the previous 12 months: wheeze, 
being woken at night by cough without a cold, wheeze with exercise, or report of medication use 
for asthma. Children were classified as controls (non-asthmatic) if the parent reported none of 
the listed conditions. This enrollment process yielded 206 cases and 144 controls (n = 350) living 
in all NYC boroughs except Staten Island. Each child’s family participated in a baseline home 
visit following enrollment. As part of this visit, a parent or guardian completed a questionnaire 
on the child’s health, family demographics, and the home environment, and the child was tested 
for allergic sensitization to common indoor and outdoor allergens.   
 
This study population underwent a second round of home visits (hereafter referred to as the 
“follow-up visit”) at the age of 10-11. As of February 2015, 194 participants had completed the 
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follow-up visit. The follow-up home visit includes a parental questionnaire but does not include 
testing for allergic sensitization.  
 
 
Exposure Assessment:  
 
In both the baseline and the follow-up questionnaires, the parent or guardian was asked to 
provide a complete home address history for the child. 694 addresses were reported for the 350 
participants. 618 addresses (89%) were located within NYC and successfully geocoded. Annual 
tree pollen exposures at home addresses were estimated using a previously developed land use 
regression (LUR) model for tree pollen in New York City (see Chapter 2). Briefly, single, 
integrated pollen samples were collected from March to November of 2013 at 44 sites across 
NYC using a passive Tauber trap (Tauber 1974) modified for mounting on light poles. Thus, 
each sample represents the amount of pollen deposited at a particular site over the entire pollen 
season of 2013 in grains per cm2. A variety of land use characteristics at five radial buffer sizes 
centered on the pollen monitors were evaluated for inclusion in an LUR of log-transformed total 
tree pollen. Percent tree canopy cover within a 0.5 km radial buffer was the only predictive 
variable, explaining 39% of the variance in tree pollen.  
 
The LUR was used to generate tree pollen exposure estimates for each geocoded home address 
reported at the baseline and follow-up visits. LUR estimates were exponentiated back into their 
natural units (grains per cm2). While the pollen samples collected for LUR development spanned 
the time period from March to November, we assumed that tree pollen exposure occurs only 
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from March through May, the tree pollen season for the northeastern United States (Dvorin et al. 
2001). To estimate tree pollen exposure in the first year of life, we calculated exposure for the 
address at which each child experienced his/her first March through May period (hereafter 
referred to as the “tree pollen season”). For children who moved during this time window, we 
calculated a time-weighted average of tree pollen exposure across all addresses at which each 
child experienced their first tree pollen season. We were able to calculate this exposure for 297 
(85%) of the 350 NAAS participants. For use in sensitivity analyses, we also estimated tree 
pollen exposure in the 12 months prior to the baseline visit as well as the average annual 
exposure from birth to baseline visit using the same strategy for address changes. We were able 
to calculate these exposures for 340 (97%) and 283 (81%) subjects, respectively.  
 
In a secondary analysis, we accounted for the fact that NAAS subjects were born in different 
years (2001 to 2004) by using the total amount of tree pollen measured from March to May in 
each year at a daily pollen monitoring station in Armonk, NY to weight the first year of life 
estimates generated from the LUR (Table S1). The Armonk daily monitoring station has been 
operating since 2001 and is located approximately 30 miles north of midtown Manhattan.   
 
 
Outcome Assessment:  
 
Our main outcome of interest was allergic sensitization to tree pollen. During the baseline visit, 
children were assessed for immunoglobulin E (IgE) antibodies in serum using ImmunoCAP 
(Phadia, Uppsala, Sweden) against the following allergens: tree pollen mix (Phadia code Tx8), 
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grass pollen mix (Phadia code Gx2), common ragweed, German cockroach, mouse urine proteins, 
dust mite (Dermatophagoides farinae), cat dander and dog dander. Allergic sensitization to a 
specific allergen was defined as having IgE ≥ 0.35 IU/mL to that allergen. The tree pollen mix 
contains the following species: Acer negundo (maple), Betula verrucosa (birch), Corylus 
avellana (hazel), Quercus alba (oak), and Platanus acerifolia (sycamore, London planetree). 327 
participants (93%) were assessed for allergic sensitization to tree pollen at the baseline visit.  
 
Other outcomes of interest were asthma (using the case definition at enrollment), wheeze in the 
last 12 months reported at the baseline visit and follow-up visits, rhinitis in the last 12 months 
reported at the baseline visit, and spring rhinitis in the last 12 months reported at the follow-up 
visit. Wheeze and rhinitis were assessed at the baseline and follow-up visits by parental report. In 
the follow-up visit questionnaire only, parents reported which months in the last year their child 
experienced rhinitis. We defined spring rhinitis at follow-up as parental report of rhinitis in 
March, April, or May. Participants who did not have an IgE to tree pollen assessed at baseline 
were excluded from analyses of other outcomes.  
 
 
Geographic Variables:  
 
We evaluated a set of neighborhood variables as potential confounders or effect modifiers in our 
models: population density, percent poverty, percent park land, estimated traffic volume, 
estimated particulate matter less than 2.5 µm (PM2.5), and estimated black carbon. Population 
density and percent poverty were calculated using census block group data from the 2000 U.S. 
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Census (U.S. Census Bureau 2002). Percent poverty was defined as the percent of residents with 
income below the federal poverty line. Percent park land was defined as the percent of land area 
within the radial buffer covered by parks, as reported in 2008 by the NYC Department of Parks 
and Recreation. 2008-2009 estimated mean PM2.5 and black carbon concentrations for each 
radial buffer were derived from land use regression and kriging surfaces generated in the NYC 
Community Air Survey, one of the largest ongoing studies of spatial variation in air pollution 
within an urban area (Matte et al. 2013). 
 
These variables were calculated within 0.5 km radial buffers of geocoded home addresses using 
ArcGIS Desktop version 10.1. We used 0.5 km as the neighborhood definition for consistency 
with the scale of the exposure measurement. In sensitivity analysis, we explored the effect of 
using 0.25 and 1.0 km radial buffers. For consistency with the time scale of the tree pollen 
exposure estimates, we primarily used values of the geographic variables at address(es) each 
subject lived at during the first year of life.  
 
 
Statistical Analysis:  
 
Estimated tree pollen exposure in the first year of life was standardized to have a mean of zero 
and a standard deviation of one. Using this standardized variable, we estimated prevalence ratios 
(PRs) for the effect of a one standard deviation increase in tree pollen exposure in the first year 
of life (662 grains per cm2) using regression models with a log link and Poisson working 
variance (McNutt et al. 2003) and robust standard errors. Covariates were included in adjusted 
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regression models if they changed the beta estimate for the effect of a one standard deviation 
increase in tree pollen exposure in the first year of life by at least 5%. The included covariates 
were: race, maternal education, paternal education, parental asthma, the presence of a smoker in 
the home, percent park land within 0.5 km of the home address, and estimated PM2.5 within 0.5 
km of the home address. Parental asthma was defined as a report of at least one parent with 
asthma. Regression models were limited to participants who did not have missing data for any 
covariate (n = 247, or 70.6% of the total study population).   
 
In sensitivity analysis, we examined the effect of adjusting for the following additional 
covariates, which were selected a priori: whether the child has older siblings, environmental 
tobacco smoke, population density within 0.5 km of the home address, percent poverty within 
0.5 km of the home address, and estimated traffic volume within 0.5 km of the home address. In 
stratified analyses, we examined the effect of season of birth, season of baseline assessment, and 
estimated black carbon within a 0.5 km radial buffer of the home address. Models for asthma, 
wheeze, and rhinitis at baseline were stratified by allergic sensitization to tree pollen.  
 
Statistical analyses were conducted in Stata SE version 13.1 (StataCorp, College Station, Texas). 
Figures were generated using the R statistical package version 3.02 (R Core Team, Vienna, 
Austria, 2014). Geocoding of home addresses was carried out using Geosupport 
(http://www.nyc.gov/html/dcp/html/bytes/applbyte.shtml#geocoding_application) and ArcGIS 
Desktop 10.1. All statistical tests were two-tailed and based on an alpha of 0.05. The study 






Out of the 350 study participants, 327 were tested for IgE to tree pollen during the baseline visit. 
Of these 327 participants, 278 had tree pollen exposure during the first year of life successfully 
estimated (79.4% of the total study population). 154 of these 278 participants had outcome data 
available from the follow-up visit at age 10-11. In addition, out of the 327 participants who were 
assessed for IgE to tree pollen at baseline, 265 had tree pollen exposure from birth to baseline 
successfully estimated (75.7% of the total study population), and 317 had tree pollen exposure 
during the year prior to the baseline visit successfully estimated (90.6% of the total study 
population). Among participants who were assessed for IgE to allergens at the baseline visit, 
50.8% were sensitized to at least one allergen and 28.1% were sensitized to tree pollen (Table 1). 
 
In unadjusted regression models, estimated tree pollen exposure in the first year of life was 
significantly associated with allergic sensitization to tree pollen (PR = 1.3 [95% CI: 1.1, 1.5]) 
and with any allergic sensitization (PR = 1.1 [95% CI: 1.0, 1.2]) (Table 2). These effects appear 
to be driven largely by individuals in the fourth quartile of estimated tree pollen exposure (6306 
– 9756 grains per cm2) (Table S2). In adjusted analyses, the effect size for allergic sensitization 
to tree pollen was 1.5 [1.3, 1.8], while the effect for any allergic sensitization was attenuated to 
non-significance (Table 2). Thus, a standard deviation increase in tree pollen exposure in the first 
year of life is associated with a 50% increase in the prevalence of allergic sensitization to tree 
pollen. The associations of individual and geographic covariates included in the adjusted model 
with estimated tree pollen exposure and allergic sensitization to tree pollen are shown in Tables 
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S3 and S4. Tree pollen exposure in the first year of life was not associated with asthma, wheeze, 
or rhinitis outcomes in adjusted models (Table 3).  
 
The effect of estimated pollen exposure in the first year of life on allergic sensitization to tree 
pollen (hereafter referred to as the “main model”) was higher among individuals in the top 50% 
of black carbon exposure in the first year of life, although the interaction was not significant 
(Table 4). Effects were also higher among individuals born in winter (December to February) or 
spring (March to May) and among individuals who were assessed at baseline (age 7-8) for IgE to 
tree pollen in spring or summer (June to August), again with non-significant interaction terms 
(Table 5). Season of IgE measurement was not significantly associated with race (p-value from 
χ2 = 0.45), sex (p-value from χ2 = 0.86), or asthma case status (p-value from χ2 = 0.11), but was 
significantly associated with season of birth (p-value from χ2 < 0.001).  
 
The effect size of the main model was similar when adjusted for additional covariates (PR = 1.4 
[95% CI: 1.2, 1.7]). Effects were smaller but remained statistically significant when using 
different buffer sizes for the geographic covariates. Weighting the exposure estimates by 
magnitude of the pollen season attenuated the effect to non-significance. The effect size was 
attenuated when using the average tree pollen exposure from birth to baseline (PR = 1.3 [95% 
CI: 1.1, 1.6]) and when using tree pollen exposure from the 12 months prior to the baseline visit 
(PR = 1.3 [95% CI: 1.1, 1.5]) (Figure 1). Tree pollen exposure in the first year of life was more 
highly correlated with average exposure from birth to baseline than with exposure in the 12 






In this study population of children from middle-income families living in NYC, estimated tree 
pollen exposure in the first year of life was associated with an increase in the prevalence of 
allergic sensitization to a group of common tree pollen allergens by the age of 7 to 8. Tree pollen 
exposure was not associated with allergic sensitization to any allergen in adjusted models, 
indicating that the effect is specific to tree pollen. While allergic sensitization as detected using 
dichotomous IgE does not necessarily manifest as symptomatic allergic disease, it is a risk factor 
for the subsequent development of allergic rhinitis and asthma (Illi et al. 2006; Plaschke et al. 
2000; Porsbjerg et al. 2006). Tree pollen exposure in the first year of life was not associated with 
the development of asthma or the presence of allergic disease symptoms (i.e., wheeze and 
rhinitis) in either the full study population or among the subset of participants who were 
sensitized to tree pollen. The lack of information on the season in which wheeze or rhinitis 
symptoms occurred at the baseline visit may have contributed to these null findings.  
 
Our results are consistent with a previous study showing a positive association between tree 
canopy cover within a 0.25 km radial buffer of the prenatal address and allergic sensitization to 
tree pollen at age 7 in a cohort study of African American and Dominican children living in 
Washington Heights, central Harlem, and the South Bronx, New York (Lovasi et al. 2013). A 
number of studies have suggested that the prenatal period and the first year of life are important 
windows of susceptibility for the development of IgE antibodies to tree pollen (Bjorksten et al. 
1980; Porsbjerg et al. 2002). For example, Kihlstrom et al. found an increased risk of allergic 
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sensitization to birch pollen in children at age 4.5 years who were exposed to an unusually high 
birch pollen season within the first three months of life (Kihlstrom et al. 2003). In our study, 
estimated pollen exposure in the first year of life was a stronger predictor of the development of 
allergic sensitization to tree pollen than average exposure from birth to the baseline visit or 
exposure in the 12 months prior to the baseline visit. However, it is also possible that the results 
we observed for later life exposure are weaker because children are increasingly exposed to tree 
pollen outside the immediate vicinity of the home as they age. In particular, schools may be an 
important source of exposure (Salo et al. 2009). In this study population, modeled exposure at 
the home address at which the baseline visit occurred was only moderately correlated with 
modeled exposure at the child’s school address at the time of the baseline visit (r  = 0.39).  
 
The effect of modeled tree pollen exposure was larger among children who were born in the 
winter or spring months (i.e., children who experienced their first tree pollen season within the 
first six months of life), although the interaction was not significant. Other studies have 
documented an elevated risk among children experiencing their first tree pollen season within the 
first three (Kihlstrom et al. 2002; Kihlstrom et al. 2003) or six months of life (Bjorksten et al. 
1980), although the evidence is not entirely consistent (Nilsson et al. 1997). Additionally, season 
of birth was associated with the season in which the measurement of IgE antibodies (i.e., the 
baseline visit) took place in our study. Among sensitized subjects, indoor allergen exposures 
have been shown to be correlated with continuous specific IgE antibody levels (Matsui et al. 
2010). Similarly, individuals with positive skin tests for ragweed pollen had increasing specific 
IgE levels throughout the ragweed pollen season, and declining levels in the following months 
(Henderson et al. 1975). As subjects were considered to have allergic sensitization to a specific 
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allergen if they had specific IgE greater than 0.35 IU/mL, our findings may simply reflect a 
greater likelihood of being considered sensitized to tree pollen if IgE antibodies are measured 
during or soon after the tree pollen season.  
 
We found that the effect of estimated tree pollen on allergic sensitization to tree pollen was 
larger among study subjects in the top 50% of estimated first year of life black carbon exposure. 
While the interaction was not significant, this finding is suggestive of a synergistic effect of 
combined exposure to tree pollen and black carbon, a proxy for locally-emitted particulate matter 
such as DEP. A growing body of literature has shown that co-exposure to DEP and allergen can 
enhance the development of allergic sensitization to that allergen. While results from the 
epidemiologic literature have been mixed (Gruzieva et al. 2014; Miller et al. 2010; Morgenstern 
et al. 2008; Patel et al. 2011; Perzanowski et al. 2013), experimental studies have consistently 
found that mice immunized with both DEP and allergen are more likely to develop IgE to that 
allergen than mice immunized with allergen alone (Fujimaki et al. 1994; Heo et al. 2001; Løvik 
et al. 1997; Muranaka et al. 1986; Nygaard et al. 2004; Samuelsen et al. 2008; Takafuji et al. 
1987), with similar results across different administration routes (Fujimaki et al. 1994; Muranaka 
et al. 1986; Takafuji et al. 1987) and allergens, including several types of pollen (Fernvik et al. 
2002; Fujimaki et al. 1994; Kadkhoda et al. 2005; Kanoh et al. 1996; Maejima et al. 1997; 
Steerenberg et al. 1999; Suzuki et al. 1996). In an experimental study of humans, administration 
of DEP facilitated the development of allergic sensitization to the novel allergen keyhole limpet 
hemocyanin (Diaz-Sanchez et al. 1999).  
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One limitation of this study is potential measurement error in estimated tree pollen exposure. 
While the addresses for which tree pollen exposure was estimated correspond to a period before 
outcome assessment, tree pollen exposure was estimated based on more recent data. However, 
we believe our approach yielded an appropriate approximation of tree pollen exposure in the first 
year of life (between 2001 and 2004) for NAAS participants. Tree canopy cover as measured in 
2010 was the only predictor of tree pollen in the LUR model. A modified version of the tree 
canopy assessment available for 2001 was found to be highly correlated with the 2010 layer for a 
set of locations in Northern Manhattan and the Bronx in which both years were available (r = 
0.98) (Lovasi et al. 2013), suggesting that there is likely sufficient stability in the relative tree 
canopy abundance to use the LUR model to estimate exposures prior to 2013. We further 
attempted to account for year-to-year variation in the magnitude of the pollen season using 
weights developed from the daily monitoring station in Armonk, NY, which has been operating 
continuously since 2001. However, using weighted exposures attenuated the effect on allergic 
sensitization to tree pollen to the null. Annual data from four years of monitoring (2009-2012) at 
a second daily pollen monitoring station in midtown Manhattan, NYC do not correspond closely 
with equivalent measurements at the Armonk monitor, suggesting that the Armonk station data 
may not accurately reflect the magnitude of the pollen season in NYC (see Appendix 2). 
Therefore, the inclusion of the Armonk weights may have simply introduced measurement error.  
 
Strengths of this study include the novel spatial modeling of tree pollen exposures, the use of a 
geographically diverse study population of similar socioeconomic status, and the inclusion of a 
range of individual and geographic covariates. Other limitations include the relatively small 
sample size in which to examine stratified models, the potential for unmeasured confounding, 
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and the lack of information on exposure to the specific types of tree pollen included in the mix 
used to test for specific IgE antibodies (maple, birch, hazel, oak, and London planetree). 
However, with the exception of hazel, these pollen types were all commonly detected in the 
pollen samples used to develop the LUR model, with oak and sycamore being the two most 
abundant allergenic tree pollen types detected (see Chapter 2).  
 
Our results add to the growing evidence that certain types of urban trees may adversely affect 
respiratory health. Future work should aim to evaluate the health effects of individual tree types 
with and without concomitant DEP exposure in the broader context of the health benefits of 
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Chapter	  3	  Tables	  
	  
Table 1: Characteristics of NAAS participants at the baseline home visit and the follow-up home 





(n = 327) 
Follow-up visit 
(n = 184) 
Child (%)   
  Male 56% 58% 
  Racea   
      Black 48% 47% 
      Asian 11% 11% 
      White 13% 12% 
      Other/mixed 24% 26% 
   
Family (%)   
  Maternal educationa   
      Did not complete high school  9% 8% 
      Completed high school 49% 54% 
      Completed bachelor’s degree or higher 42% 30% 
  Paternal educationa   
      Did not complete high school 7% 7% 
      Completed high school  56% 59% 
      Completed bachelor’s degree or higher 31% 30% 
  Maternal asthmaa 19% 21% 
  Paternal asthmaa 14% 16% 
  Older sibling(s)a 72% 75% 
  Parent reports that neighborhood is a good place to 
      raise a childa 
69% 70% 
   
Household   
  Smoker in home (%)a 21% 19% 
  ETS (µg/m3) [median (IQR)]a 0.0 (0 – 0.59) 0.0 (0 – 0.56) 
   
0.5 km buffer of birth address [median (IQR)]   
  Population density (thousands per km2) 19 (11 – 28) 20 (11 – 28) 
  Poverty (% of residents below federal poverty line) 26 (14 – 37) 28 (16 – 36) 
  Park land (% of land covered by parks) 3 (1 – 11) 4 (1 – 10) 
  Estimated traffic density (thousands of vehicles) 12 (8 – 18) 12 (8 – 19) 
  Estimatedb PM2.5 (µg/m3) 10.6 (9.9 – 11.2) 10.7 (9.9 – 11.3) 
  Estimatedb black carbon  (abs) 1.2 (1.0 – 1.4) 1.2 (1.0 – 1.4) 
   
Estimated tree pollen exposure [mean ± SD]   
 First year of life (grains/cm2)  6037 ± 662 6030 ± 689  
   
Child health outcomes  (%)   
  Allergic sensitization to tree pollenc 28% 32% 
  Any allergic sensitizationc 51% 53% 
  Asthmad 60% 70% 
  Wheeze in last 12 months (baseline)a 41% 48% 
  Rhinitis in last 12 months (baseline)a 45% 48% 
  Wheeze in last 12 months (follow-up)a  39% 
  Spring rhinitis in last 12 months (follow-up)a,e  40% 
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a Characteristic has missing data: race 3.7%, maternal education 1.2%, paternal education 6.1%, maternal asthma 
2.1%, paternal asthma 2.1%, older siblings 9.2%, parent reports good neighborhood 2.5%, smoker in home 1.5%, 
ETS 3.7%, wheeze at baseline 0.3%, rhinitis at baseline 0.3%, wheeze at follow-up 4.9%, spring rhinitis at follow-
up 2.2% 
b Estimated from models developed from the NYC Community Air Survey 
c Allergic sensitization defined as having IgE to a specific allergen greater than 0.35 IU/mL 
d Asthma cases defined as parental report of one or more of the following conditions in the previous 12 months: 
wheeze, being woken at night by cough without a cold, wheeze with exercise, or medication use for asthma 
e Defined as rhinitis symptoms reported in March, April, or May  
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Table 2: Prevalence ratios for the effect of a standard deviation increase in estimated tree pollen 
exposure during the first year of life on allergic sensitization to tree pollen and allergic 
sensitization to any allergen. Significant PRs are bolded. 
 
 Allergic sensitization to tree 
pollen  
(n = 247) 
Allergic sensitization to any 
allergen  
(n = 247) 
 PR (95% CI) p-value PR (95% CI) p-value 
Unadjusted model 1.3 (1.1, 1.5) <0.01 1.1 (1.0, 1.2) 0.04 
Adjusted modela  1.5 (1.3, 1.8) <0.01 1.1 (1.0, 1.2) 0.29 
a Models were adjusted for race, parental asthma, any smoker in the home, parental education, parental perception of 
whether the neighborhood is a good place to raise a child, percent park land within a 0.5 km radial buffer of the 
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Table 4: Stratification of the main model for the effect of a standard deviation increase in 
estimated tree pollen exposure during the first year of life on allergic sensitization to tree pollen 
by estimated black carbon concentration (median split). 
 




    Black carbon < 1.2 (n = 124) 1.5 (1.2, 1.8)  
    Black carbon ≥ 1.2 (n = 123) 1.9 (1.4, 2.5) 0.45 
a Models were adjusted for race, parental asthma, any smoker in the home, parental education, parental perception of 
whether the neighborhood is a good place to raise a child, percent park land within a 0.5 km radial buffer, and 






Table 5: Stratification of the main model for the effect of a standard deviation increase in 
estimated tree pollen exposure during the first year of life on allergic sensitization to tree pollen 
by season of birth and season of IgE measurement.  




Season of birth    
    June – November (n = 103) 1.5 (1.2, 1.9)  
    December – May (n = 144) 1.6 (1.2, 2.1) 0.55 
Season of IgE measurement   
    March – August (n = 144) 1.6 (1.3, 2.0)  
    September – February (n = 103) 1.4 (1.1, 1.9) 0.26 
a Models were adjusted for race, parental asthma, any smoker in the home, parental education, parental perception of 
whether the neighborhood is a good place to raise a child, percent park land within a 0.5 km radial buffer, and 


















Table 6: Correlations between estimated tree pollen exposures at different time points 
 
 First year of life 
(6037 ±  662)a 
Birth to baseline 
(6059 ±  588) 
Baseline 
(6044 ±  620) 
















(n = 273) 
 0.94* 
(n = 265) 
-- 
a Mean ± standard deviation of estimated tree pollen exposure in grains per cm2 
* p < 0.05 
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Chapter 3 Figures 
Figure 1: Sensitivity analysis comparing the main model (1) to the following: adjustment for 
additional confoundersa (2), using estimated tree pollen exposures weighted by the magnitude of 
the tree pollen season as measured in Armonk, NY (3), using estimated tree pollen exposures 
from birth to baseline assessment (4) and 12 months prior to baseline assessment (5), and 
changing the buffer size for the geographic covariates (6, 7).   
 
 
a Additionally adjusted for environmental tobacco smoke, whether the child has older siblings, and the following 
characteristics of 0.5 km radial buffers around the home address: percent poverty, population density, and estimated 
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Table S2: Allergic disease outcomes in NAAS subjects by quartile of tree pollen exposure in the 
first year of life 
 
 Q1 (n = 69) 
4835 – 5588 
grains/cm2 
Q2 (n = 70) 
5589 – 5964 
grains/cm2 
Q3 (n = 69) 
5965 – 6305 
grains/cm2 
Q4 (n = 70) 
6306 – 9756 
grains/cm2 
IgE to tree pollen 22% 23% 23% 41% 
Any IgE 48% 49% 46% 60% 
Asthma 58% 60% 54% 67% 
Wheeze 39% 37% 40% 53% 





Table S3: Association of NAAS participant characteristics with estimated tree pollen exposure 












Sex     
    Male (n = 157) 6033 (592)    
    Female (n = 121) 6042 (726) 0.90   
Race     
    Black (n = 133) 6104 (675)    
    Asian (n = 26) 6070 (605)    
    White (n = 40) 5942 (555)    
    Other/mixed (n = 70) 5977 (710) 0.55   
    Missing (n = 9) 5843 (675)    
Maternal education     
    < HS (n = 24) 5996 (650)    
    Completed HS (n = 134) 6016 (602)    
    > HS (n = 118) 6076 (733) 0.73   
    Missing (n = 2) 5678 (112)    
Paternal education     
    < HS (n = 17 6125 (550)    
    Completed HS (n = 164) 6081 (718)    
    > HS (n = 82) 5998 (592) 0.60   
    Missing (n = 15) 5673 (330)    
Parental asthma     
    Yes (n = 88) 6149 (819)    
    No (n = 185) 5979 (572) 0.05   
    Missing (n = 5) 6201 (527)    
Older siblings     
    Yes (n = 204) 6053 (698)    
    No (n = 48) 5965 (598) 0.42   
    Missing (n = 26) 6042 (464)    
Parent reports neighborhood is 
a good place to raise a child 
    
    Yes (n = 193) 6067 (701)    
    No (n = 77) 5968 (562) 0.27   
    Missing (n = 8) 5984 (587)    
Smoker in home     
    Yes (n = 61) 6152 (814)    
    No (n = 213) 5996 (607) 0.10   
    Missing (n = 4) 6473 (734)    
ETS (µg/m3)    0.09    0.12 
Population density (thousands per km2)    0.02    0.75 
Poverty (% of residents below federal poverty line)   -0.08    0.17 
Park land (% of land covered by parks)    0.44 < 0.01 
Traffic density (thousands of vehicles)    0.02    0.71 
PM2.5 (µg/m3)   -0.09    0.12 
a Analysis restricted to participants with IgE to tree pollen measurements (n = 278). 
b Two-sided t-test for binary characteristics, ANOVA for characteristics with more than two levels (excluding  
missing observations) 
c Pearson correlation 
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Sensitized to tree  
pollen (n = 76) 
Not sensitized to tree  
pollen (n = 202) 
 
p-valueb 
Sex Percent Percent  
    Male (n = 157) 60.5% 55.0%  
    Female (n = 121) 39.5% 45.0% 0.40 
Race    
    Black (n = 133) 57.9% 44.1%  
    Asian (n = 26 5.3% 10.9 %  
    White (n = 40) 11.8% 15.3%  
    Other/mixed (n = 70) 22.4% 26.2% 0.30 
    Missing (n = 9) 2.6% 3.5%  
Maternal education    
    < HS (n = 24) 11.8% 7.4%  
    Completed HS (n = 134) 46.1% 49.0%  
    > HS (n = 118) 39.5% 43.6% 0.46 
   Missing (n = 2) 2.6% 0.0%  
Paternal education    
    < HS (n = 17) 10.5% 4.5%  
    Completed HS (n = 164) 60.5% 58.4%  
    > HS (n = 82) 23.7% 31.7% 0.10 
    Missing (n = 15) 5.3% 5.4%  
Parental asthma    
    Yes (n = 88) 42.1% 27.7%  
    No (n = 185) 55.3% 70.8% 0.02 
    Missing (n = 5) 2.6% 1.5%  
Older siblings    
    Yes (n = 204) 78.9% 71.3%  
    No (n = 48) 11.8% 19.3% 0.14 
    Missing (n = 26) 9.2% 9.4%  
Parent reports neighborhood is 
a good place to raise a child 
   
    Yes (n = 193) 67.1 % 70.3%  
    No (n = 77) 27.6% 27.7% 0.89 
    Missing (n = 8) 5.3% 2.0%  
Smoker in home    
    Yes (n = 61) 19.7% 22.3%  
    No (n = 213) 78.9% 75.7% 0.58 
    Missing (n = 4) 1.3% 1.5%  
    
 Median (IQR) Median (IQR)  
ETS (µg/m3) 0 (0 – 0.39)  0 (0 – 0.65) 0.27 
Population density (thousands per km2) 21 (13 – 31) 18 (11 – 26) 0.09 
Poverty (% of residents below federal poverty line) 28 (14 – 37) 25 (14 - 36) 0.69 
Park land (% of land covered by parks) 4 (1 – 11) 3 (1 – 10) 0.75 
Traffic density (thousands of vehicles) 11 (8 – 18) 11 (7 – 19) 0.78 
PM2.5 (µg/m3) 10.7 (9.9 – 11.3) 10.6 (9.8 – 11.1) 0.39 
a Analysis restricted to participants with both IgE to tree pollen measurements and estimated tree pollen exposure in 
the first year of life (n = 278). 






Summary of Findings 
 
The central finding of this dissertation is that the distribution of the urban tree canopy has a 
significant impact on both the development of allergic sensitization and the exacerbation of 
allergic disease in NYC residents. In Chapter 1, we found that the effects of several types of 
allergenic tree pollen on asthma ED visits were higher in zip codes with more tree canopy cover. 
While this analysis relied on pollen data from a single monitoring site, the results suggest that 
areas with high tree canopy cover may have locally higher pollen concentrations, which increase 
the risk of asthma exacerbations among individuals living in such areas. A key limitation of this 
analysis was the lack of information on the true spatial distribution of pollen within NYC.  
 
Chapter 2 describes the development of one of the largest intra-urban pollen monitoring 
networks in the world. Results from the first year of monitoring in this network revealed that the 
total amount of tree pollen accumulated over an entire pollen season at sites across NYC varies 
substantially. Furthermore, we found that the amount of tree canopy within 0.5 km radial buffers 
of the 45 monitoring sites was a strong predictor of measured tree pollen. These results provide 
support to the hypothesis that tree pollen levels vary across NYC neighborhoods and are 
consistent with the Chapter 1 finding described above.  
 
In Chapter 3, we used the land use regression model developed in Chapter 2 to generate tree 
pollen exposure estimates for the home addresses of children enrolled in the NYC Neighborhood 
Allergy and Asthma Study. The main finding from this analysis was that estimated tree pollen 
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exposure in the first year of life was significantly, positively associated with allergic sensitization 
to tree pollen at the age of 7 to 8. Thus, spatial variation in pollen exposure may be relevant to 
the development of allergic disease in children. This association was stronger among children in 
the top 50% of black carbon exposure, although the interaction was not significant. However, the 
direction of the interaction suggests that black carbon, a major component of diesel exhaust 





These findings have the potential to inform policy decisions related to urban tree planting 
programs. In NYC, high asthma prevalence among children was used as a criterion for 
identifying priority neighborhoods for tree planting, under the assumption that increased tree 
canopy coverage would reduce exposures to air pollutants to which asthmatic individuals are 
vulnerable (Locke et al. 2010; Nowak et al. 2006). Knowledge that the urban tree canopy drives 
local gradients in tree pollen exposure, which in turn is associated with allergic sensitization, 
could be used to reevaluate criteria for priority neighborhoods, as well as for informing decisions 
about which tree species to plant in future campaigns.  
 
The findings from Chapter 1 are relevant to the tracking of the health impacts of climate change. 
In the first stage of the modeling process, we found that daily concentrations of several types of 
allergenic tree pollen are associated with an increased rate of ED visits for asthma across NYC. 
As the pollen season is expected to be more severe, start earlier, and potentially last longer due to 
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climate change, asthma ED visits could be used to track the population health impact of future 
climate-driven changes in the pollen season (Ariano et al. 2010; Emberlin et al. 2002; Frei and 
Gassner 2008; Rasmussen 2002; Reiss and Kostic 1976; Spieksma et al. 2003; Ziska et al. 2011). 
 
 
Directions for Future Research 
 
The spatial pollen monitoring network described in Chapter 2 is one of the largest of its kind and 
has provided novel insights into the spatial distribution of tree pollen exposure within NYC. To 
build on the 2013 monitoring campaign, we conducted a second year of monitoring at the same 
45 sites over the 2014 pollen season (March to October). Once the samples from the second year 
are processed, we will be able to examine whether the patterns we observed in 2013 are stable 
across years. In addition, the 2014 monitoring campaign has been designed to allow us to 
investigate the effect of sampler direction on pollen influx. Specifically, pairs of replicate 
samplers were installed at the same 10 sites at which replicate samples were taken in 2013. 
However, instead of installing both samplers facing west, we installed each pair of replicate 
samplers at uniform height (approximately eight feet) with one sampler facing west and one 
sampler facing east. Subsequent years of spatial pollen monitoring beyond 2014 in NYC or other 
cities would allow us to formally investigate the effect of climate change or urban tree planting 
campaigns on intra-urban pollen exposure.  
  
Data collected during the 2013 monitoring campaign will open up several additional lines of 
research. First of all, the land use regression model developed in Chapter 2 could be used to 
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estimate tree pollen exposures in NYC zip codes, allowing for formal testing of the hypothesis 
that local pollen exposures increase the rate of asthma ED visits, as is suggested by the results of 
Chapter 1. Because the data collection period spanned the entire pollen season, land use 
regression and/or kriging models could also be built for grass and ragweed pollen, which are 
present later in the season than tree pollen (Dvorin et al. 2001). Residues from the Tauber trap 
samples could also be examined for particles other than pollen, such as fungal spores and black 
carbon. Because the Tauber traps were co-located with NYCCAS monitors, which measure a 
variety of air pollutants including black carbon, the 2013 data provide a unique opportunity to 
determine whether Tauber traps could be used as passive black carbon samplers.  
 
Finally, the 2013 and 2014 monitoring results could be linked to ongoing or future prospective 
studies of allergic outcomes in NYC. This linkage would allow us to obtain pollen exposure 
estimates for children prior to the development of allergic illness, correcting the temporal 
ordering issue that arises in the NAAS population. Future epidemiologic studies could be 
designed with greater statistical power to allow for further exploration of interactions between 
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Appendix 1: Replicate Transect Counts for Spring Burkard Slides 
 
 
The findings presented in Chapters 1-3 of this dissertation all rely on accurate assessment of 
pollen exposure. While the development of automatic pollen counting systems has been an area 
of active research for over a decade (Costa and Yang 2009; Holt and Bennett 2014; Kawashima 
et al. 2007; Mitsumoto et al. 2009; Mitsumoto et al. 2010), such systems have yet to gain 
widespread adoption in the United States and abroad. Instead, daily pollen monitoring stations 
such as the stations in Armonk and mid-town Manhattan, New York, described in Chapters 1 and 
2 rely on trained specialists to count and identify pollen grains on the daily slides produced by 
the Burkard sampler.1 Thus, human error may contribute to exposure misclassification.  
 
One form of human error that is quantifiable is the degree to which a specialist’s counts are 
replicable. To assess this error in my own counts, I randomly selected 31 spring slides (March 1 
to May 31) from slides taken between 2010 and 2012 at the Armonk and mid-town Manhattan 
monitoring stations that I had already counted. For each slide, I did a repeat count along the same 
lengthwise transect. I quantified the similarity of the replicate counts using scatterplots (Figure 
A1.1) and the intra-class correlation coefficient (ICC) (Table A1.1) for total pollen as well as for 
nine clinically significant tree pollen genera. Daily counts of total pollen and the individual 
pollen genera were log-transformed prior to analysis. I found that ICCs for these replicate counts 
were consistently high (greater than 0.9 except for beech pollen). In general, ICCs were higher 
for the more abundant pollen taxa (e.g., total pollen, oak), possibly because the effect of 
misclassifying a pollen grain on the ICC is lessened when that pollen type is plentiful. I conclude 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Not all daily monitoring stations in the U.S. use Burkard samplers. National Allergy Bureau-certified stations are 
also allowed to use Rotorod samplers, which also require human identification of pollen grains.  
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that counts are highly replicable. While I performed replicate counts only on Burkard slides, 
these results are also relevant to the Tauber trap counts described in Chapter 2.  
 
In addition, I counted a second transect on each slide in order to compare the ICC across two 
transects on the same slide (Table A1.1, Figure A1.2). This latter analysis is important because 
typically a single transect of a slide is used to calculate the daily pollen concentration. Again, 
ICCs were consistently high (greater than 0.9 except for maple) although slightly weaker than 
the ICCs for replicate transect counts. Thus, a single transect is a reasonable approximation of 
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Table A1.1: ICCs for log-transformed total pollen and nine individual allergenic pollen taxa 
measured on (a) the same transect counted twice (“replicate transect”) and (b) two transects on 
the same slide (“transect comparison”).  
 
Pollen type Replicate transect ICC Transect comparison ICC 
Total pollen 1.0 0.96 
Oak 0.99 0.99 
Sycamore 0.93 0.94 
Birch 0.99 0.96 
Ash 0.98 0.97 
Elm 0.98 0.94 
Hickory 0.98 0.94 
Poplar 0.93 0.91 
Maple 0.94 0.86 
































Figure A1.1: Scatterplots of log-transformed total pollen and nine individual allergenic pollen 









Figure A1.2: Scatterplots of log-transformed total pollen and nine individual allergenic pollen 











Appendix 2: Comparison of Daily Pollen Concentrations in  
Armonk and Manhattan, 2009-2012 
 
 
This dissertation relies on data from a daily pollen monitoring station located in Armonk, NY to 
estimate exposures for NYC residents. This monitoring station has been operating continuously 
since 2001. In early 2009, Fordham University started a second monitoring station in midtown 
Manhattan. To determine how well the Armonk monitor represents pollen concentrations in 
NYC, I examined the relationship between pollen concentrations measured at the two stations 
from 2009 to 2012.  
 
Table A2.1 shows Spearman correlation coefficients for both daily concentrations and weekly 
average concentrations for the four pollen types from the Tx8 tree pollen mix (described in 
Chapter 3) as well total tree pollen measured at the two stations. The data analysis period was 
restricted to the tree pollen season in each year (March 1st through May 31st). Daily pollen 
concentrations were well correlated with each other, ranging from 0.60 for maple pollen to 0.82 
for oak pollen. Correlations were stronger for the weekly averages. There was no obvious lag 
structure in the daily or weekly correlations. I conclude that the two monitoring sites capture 
similar information about the timing of the pollen season.  
 
I also examined how the magnitude of the pollen season compared across the two sites by 
calculating the annual total pollen concentration at each site in each year (i.e., adding all daily 
concentrations together for each pollen type in each year). Table A2.2 shows annual total 
concentrations for the years 2009 to 2012, as well as the rank of each year and the ratio of pollen 
measured at Armonk to pollen measured in Manhattan. Overall, the order in which the years are 
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ranked is not the same at the two sites, although 2011 had the highest annual total concentration 
at both sites for most pollen types. The ratio of concentrations reveals further differences. While 
the ranking of years for sycamore pollen is not the same across sites for sycamore pollen, the 
ratio does reveal that much more sycamore pollen is consistently observed at the Manhattan 
station, possibly due to the abundance of local sources. Similarly, more oak pollen was observed 
in Armonk in all years. However, there is no consistency in the ratio for birch, maple, or total 
tree pollen. For example, maple pollen was 5.5 times higher in Armonk than Manhattan in 2009, 
but was 60% lower in Armonk than Manhattan in 2012. While this analysis is limited to only 
four years of data, it appears that the magnitude of the pollen season as observed at Armonk is 















Table A2.1: Spearman correlation between daily pollen concentrations measured in Armonk and 
Manhattan   
 
 Spearman correlation, 
 March-May daily pollen 
concentrations 
Spearman correlation, 
 March-May weekly average 
concentrations 
Birch 0.70 0.82 
Oak 0.82 0.94 
Maple 0.60 0.89 
Sycamore 0.66 0.85 
























Birch       
  20091 10,521 grains/m3 1,917 3 3 5.5 
  2010 2,376 1,445 2 1 1.6 
  2011 32,929 17,150 4 4 1.9 
  2012 713 1,746 1 2 0.4 
Oak      
  2009 18,852 9,386 3 2 2.0 
  2010 16,671 8,847 1 1 1.9 
  2011 23,518 13,396 4 4 1.8 
  2012 17,474 11,947 2 3 1.5 
Maple      
  2009 320 341 1 2 0.9 
  2010 431 294 3 1 1.5 
  2011 2,328 681 4 4 3.4 
  2012 411 484 2 3 0.8 
Sycamore      
  2009 1,306 5,537 3 2 0.2 
  2010 1,085 7,575 2 4 0.1 
  2011 1,800 5,670 4 3 0.3 
  2012 750 2,980 1 1 0.3 
Total tree pollen      
  2009 37,991 27,282 3 1 1.4 
  2010 29,397 30,365 1 2 1.0 
  2011 74,586 61,721 4 4 1.2 
  2012 30,492 43,377 2 3 0.7 
 
1 Data for 2009 are restricted to the period of April 6th to May 31st because the Manhattan monitoring station did not 




Appendix 3: Laboratory Procedures for the Analysis of Tauber Trap Samples 
 
 
The following document contains laboratory procedures used for the analysis of Tauber trap 
samples, the purpose of which is to remove extraneous material in preparation for microscopic 
analysis of the pollen grains. Each chemical processing step deals with a different type of 
extraneous material. Certain processing steps can be skipped or repeated depending on the make-
up of the sample (Faegri and Iversen 1989). Below are the modifications I made to the laboratory 
procedures that follow, based on guidance from Dr. Guy Robinson (Fordham University 
Department of Natural Sciences): 
 
• Skipped the initial HCl digestion (step II-A) 
• Skipped the Na4P2O7 rinses (step III-A) 
• Used coarse sieving only (step III-B-2) 
• After the HF digestion (step IV-A), added one tablet of Lycopodium spores (batch #1031, 
20,848 ±1,546 grains per tablet, Department of Quaternary Geology, Lund University, 
Sweden) to each sample and rinsed three times with deionized water 
• Skipped the second KOH rinse (step V-A) 
• Skipped the final fine sieving (step V-B) 






Faegri K, Iversen J. 1989. Textbook of pollen analysis. 4th edition by Faegri K, Kaland PE, 
















Appendix 4: Counting Tauber Trap Sub-Samples 
 
 
In Chapter 2, I note that only a small proportion of each Tauber trap sample is counted. Because 
Tauber traps are typically left out for periods of weeks or months, the time it would take to count 
the entire sample is prohibitive. Instead, during laboratory processing, a table with a known 
number of Lycopodium spores is evenly mixed into each sample, allowing one to track the 
proportion of the sample counted and estimate the total pollen influx (in grains per cm2) in trap 
on the basis of a small sub-sample. The estimate is calculated as follows:  
 
Pe = ((Pc * Lm) / Lc) / A 
 
Where: Pe = Estimated total pollen influx in grains per cm2 
  Pc = Number of pollen grains counted 
  Lm = Mean number of Lycopodium spores per tablet in a given batch 
  Lc = Number of Lycopodium spores counted 
  A = Area of the Tauber trap opening in cm2 
 
 
For statistical reasons, it is typically suggested that one count between 250 and 400 pollen grains 
in each sample (Hall 1994; Levetin et al. 2002). These guidelines are based on the assumption 
that the counter is interested in accurately determining the relative contributions of different 
pollen types to the sample, rather than estimating the total number of pollen grains in the sample. 
As my interest is in the latter, I employed Maher’s method (Maher 1981) to calculate a 95% 
confidence interval for the true number of tree pollen grains in each sample. This calculation is 
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performed in log base 10 and the resulting upper and lower bounds are exponentiated so that the 
confidence interval can be constructed in the original units. The calculation accounts for the 
number of pollen grains counted, the number of Lycopodium spores counted, and the standard 
deviation of the number of Lycopodium spores in the tablet.2  
 
I initially planned on counting each sample until the distance between the exponentiated 95% 
confidence interval bounds for the true number of tree pollen grains was less than 20% of the 
point estimate, calculated as follows:   
 
((UL – LL) / Pe) * 100 
 
Where: UL = upper 95% confidence interval bound 
 LL = lower 95% confidence interval bound 
 Pe = estimated total pollen influx as calculated previously 
 
 
However, it quickly became apparent that once the distance between the confidence interval 
bounds reaches 32% of the point estimate, counting additional pollen grains yields very little 
improvement.  
 
To illustrate this point, I performed a two counting simulations. In the first simulation (“high 
pollen scenario”), I assumed that the true total pollen influx into the trap was 17,463 grains per 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 The exact number of Lycopodium spores in any given tablet is unknown. Instead, the mean and standard deviation 
is provided for each batch of tablets. The mean and standard deviation for the batch used in this analysis are 20,848 
+/- 1,546.  
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cm2, which is the largest estimated tree pollen influx measured at any of the 44 sites during the 
2013 sampling campaign. Then, assuming that the pollen grains and Lycopodium spores are 
uniformly distributed throughout the sample, I calculated the distance between the confidence 
interval bounds as a percent of the point estimate for increasing proportions of the sample 
counted (Figure A4.1(a)). The second simulation (“low pollen scenario”) was identical to the 
first, except that I assumed the true total pollen influx into the trap was 2,953 grains per cm2, 
which is the smallest estimated tree pollen influx measured during the 2013 sampling campaign 
(Figure A4.1(b)) 
 
In both scenarios, the confidence interval width decreases exponentially as the percent of the 
sample counted goes from 0% to approximately 2%. The high pollen scenario results in 
relatively large confidence intervals when very little of the sample (less than 1%) has been 
counted compared to the low pollen scenario. However, the confidence interval width levels off 
as the percent of the sample counted increases further. An asymptote for confidence interval 
width appears to lie just below 32%.   
 
This leveling off may be driven by uncertainty in the number of Lycopodium spores in each 
tablet, a number which cannot be determined without counting 100% of the sample. The batch of 
Lycopodium tablets used in this analysis has a mean of 20,848 spores and a standard deviation of 
1,546 spores, or 7.4% of the mean. The distance between the upper and lower bounds of a 95% 
confidence interval constructed using these values would be approximately 29.1% of the mean. I 





Hall SA. 1994. Modern pollen influx in tallgrass and shortgrass prairies, southern Great Plains, 
USA. Grana 33:321-326. 
Levetin E, Rogers CA, Hall SA. 2002. Comparison of pollen sampling with a Burkard spore trap 
and a Tauber trap in a warm temperate climate. Grana 39:294-302. 
Maher LJ. 1981. Statistics for microfossil concentration measurements employing samples 




Figure A4.1(a-b): Sensitivity analysis for percent of Tauber sample counted versus width of the 
confidence interval. The dashed line is placed at 32%.  
 
(a) High pollen scenario (true influx: 17,463 grains/cm2) 
 
 





Appendix 5: Quantifying Sources of Error in Replicate Tauber Traps 
 
 
In Chapter 2, I presented results from 10 pairs of replicate modified Tauber traps. To quantify 
measurement error, I calculated the standard error of imprecision (SEI) for these traps as follows:  
 
1. Taking the difference between each pair of replicate samplers 
2. Calculating the variance of the differences 
3. Dividing by 23 
4. Taking the square root 
 
Given the results presented in Appendix 5, a critical question that arises is what proportion of the 
measurement error calculated above is the result of error in the counting process. To quantify the 
contribution of the counting error, I extracted the variance from the 95% confidence intervals 
constructed around the estimates of total tree pollen influx described in Appendix 5. This 
calculation is performed in log base 10 and then exponentiated back to the original scale, 
resulting in an asymmetric confidence interval. Because of this asymmetry, I extracted the log 
base 10 variance rather than the exponentiated variance. This quantity is essentially the same 
(0.0012) for each sample because tree pollen in each sample was counted until the ratio of the 
95% confidence interval bounds to the point estimate reached a fixed point.   
 
In order to compare the log base 10 variance from the counting process with the variance of the 
replicate samplers, I took the log base 10 of the total tree pollen influx in each replicate sampler 
and repeated steps 1-3 of the SEI calculation described above. This yielded an imprecision 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 The variance is divided by two because two sets of samplers contribute to it: the main samplers and the replicate 
samplers 
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variance of 0.0080. The percent of the replicate sampler imprecision variance accounted for by 
counting error is:  
 
(0.0012 / 0.0080) * 100 = 15% 
 
I conclude that the majority (85%) of the imprecision in the replicate samplers is due to other 










Appendix 6: Choosing Bin Sizes for Ordinary Kriging Models 
 
 
In Chapter 2, I modeled the distribution of sycamore and maple pollen across NYC using 
ordinary kriging. Ordinary kriging is a spatial interpolation technique that relies on the 
correlation structure of a measured variable (i.e., pollen) across space to make predictions, rather 
than on explanatory variables such as tree canopy. The first step in developing an ordinary 
kriging model is to plot a variogram. The variogram is created by: 
 
1) Calculating the distance between each possible pair of monitoring sites 
2) Grouping pairs of points into “bins” of similar distances 
3) Calculating the semivariance of measured pollen values within each bin, and  
4) Plotting the semivariance as a function of distance. 
 
The kriging model is completed by fitting a line to the variogram, which is then used to make 
predictions at unmonitored locations.   
 
The size of the bins used in the variogram may affect the kriging estimates by changing the 
shape of the variogram. To identify the best-performing bin size for use in Chapter 2, I 
developed variograms and ordinary kriging models for sycamore and maple pollen using seven 
different bin sizes (from 4500 feet to 7500 feet in 500 foot intervals) and an exponential line fit.4 
I evaluated the performance of the kriging models using the root mean square error (RMSE) 
from leave-one-out cross validation.  
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 These bin sizes include the R default bin size, three bin sizes smaller than the default, and three bin sizes larger 
than the default.  
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The RMSE for the sycamore and maple models are shown in Tables A6.1 and A6.2 respectively. 
The best-performing bin sizes are 5500 feet for sycamore and 6500 feet for maple. The 








Table A6.1: RMSE from leave-one-out cross-validation of ordinary kriging of log-transformed 
sycamore pollen using exponentially fit variograms of varying bin size. 
 
Bin size Number of bins RMSE 
4500 38 0.930 
5000 34 0.952 
5500 31 0.926 
6000 29 0.929 
6500 27 0.947 
7000 25 0.938 




Table A6.2: RMSE from leave-one-out cross-validation of ordinary kriging of log-transformed 
maple pollen using exponentially fit variograms of varying bin size. 
 
Bin size Number of bins5 RMSE 
4500 33 0.649 
5000 30 0.658 
5500 27 0.652 
6000 25 0.644 
6500 23 0.635 
7000 22 0.638 











	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 The number of bins varies between pollen types because all 44 monitoring sites were used to develop the sycamore 
model, while two outliers were removed before developing the maple model.  
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Figure A6.1: Variogram and exponential fit line for log-transformed sycamore pollen using a bin 




Figure A6.2: Variogram and exponential fit line for log-transformed maple pollen using a bin 
width of 6500 feet 
 
 
